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Oral drug delivery is the most common and preferred form of drug administration into 

the body, especially for small molecule active pharmaceutical ingredients (APIs).1ï3 APIs 

often exist as different polymorphic forms4,5 with unique physical and chemical properties 

including crystal size, shape, and purity,6ï8 which can lead to vastly different behavior in 

terms of stability, bioavailability, dosage, and exposure limits.4,9,10 Pharmaceutical crystal 

engineering can be used to control the polymorphic forms of drugs and in recent years, the 

desire for polymorph control has led to the development of several new production methods 

including heterogeneous crystallization from surfaces11,12 and confined crystallization 

within pores. 13,14 Pharmaceutical crystallization in a gel network presents a system with 

control over both the surface chemistry, for heterogeneous crystallization from a surface, 

and over the gel pores for crystallization within pores.15ï20 

 

Figure S.1 Crystallization within gel networks provides the combined benefits of 

surface templating and confinement, allowing for the rational design of systems for 

directing polymorphism 

The purpose of the research described in this thesis is to develop cellulose nanocrystal 

(CNC) based gel systems to be used as a favorable environment for crystallizing small 
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molecule APIs. Using modified CNCs, we developed supramolecular organogel systems 

to crystallize a variety of sulfur-based antibiotics with multiple polymorphs. Additionally, 

the feasibility of using aerogel systems for API crystallization was proven using 

unmodified CNCs; we developed an aerogel system for crystallizing and stabilizing 

pharmaceuticals with metastable polymorphs. Finally, surface modified CNC aerogels 

were used to show the combined effects of surface templating and confinement for 

directing polymorphism of a model pharmaceutical intermediate. 

The focus on CNCs for this research stems from its low toxicity and biocompatible 

nature. CNCs are the nanoscale derivative of cellulose, a highly abundant polymer obtained 

from plants and trees. They have recently gained attention as gelator materials, especially 

in forming hydrogels as they can be easily dispersed in water and be directed, such as via 

increasing concentration or heating and cooling to supersaturation, to assemble into gels.21 

Gels are 3-dimensional extended networks of solids with pores filled with solvents, which 

give them the properties of soft solids.22,23 The materials and preparation methods for these 

gels can be used to control key properties, including the physical size of the pores and the 

internal gel chemistry. 

CNCs present with high surface area covered with hydroxyl groups, which can be 

functionalized to produce many different surface chemistries. With modified CNC 

surfaces, gels can even be formed in solvents where the unmodified CNCs are unstable, 

creating opportunities for a wide variety of organogels. These modified CNCs have been 

shown to form organogels 24,25 and aerogels,21,26
 making CNCs a promising material for the 

purposes of this research.  
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The results from this work show the ability to develop organogels and aerogels with 

modified and unmodified CNCs that are able to direct API polymorphism via the use of 

surface templating and confinement within the gels and provide an avenue towards using 

CNCs in pharmaceutical engineering to shift towards polymorphs with higher water 

solubility or to forms with more sustained release behavior to increase the duration for drug 

uptake into the body, while reducing the total required dosage of the drug.27ï29 
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In this chapter, information related to pharmaceutical crystals and nanocellulose are 

reviewed. In particular, this chapter focuses on the current state of research related to drug 

crystal engineering and nanocellulose and its applications in various gel forms including 

organogels and aerogels. Additionally, crystallization in gel systems, especially for 

pharmaceutical applications are also discussed.  

 Cellulose 

Cellulose is a highly abundant biopolymer that, being a plant-based material, exhibits 

renewability, biodegradability, and low toxicity.30,31 It is a linear chain of linked D-glucose 

units with a large number of hydroxyl groups on the surface (Figure 1.1A).32,33  

 

Figure 1.1A. Chemical structure of cellulose chains containing D-glucose units and 

B. Schematic of cellulose (yellow), lignin (red webs), and hemicellulose (blue) within 

plant cell walls  

These long chains contain both highly ordered crystalline regions and more entangled 

amorphous regions that interact, giving strength to tree cell walls.33,34 Cellulose exists in 

secondary cell walls of trees and other biomass in conjunction with lignin and 

hemicellulose (Figure 1.1B), both of which also impart strength to the trees.  
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Cellulose fibers and their micro and nanostructured forms are naturally high in strength 

and stiffness making them suitable as reinforcement materials in textiles and 

composites35,36 as well as attractive for biomedical37ï39 and pharmaceutical 

applications.40,41 Cellulose fibrils can exist in bundles leading to agglomeration and poor 

dispersibility, which reduces processability and potential applications. The nanoscale 

derivatives of cellulose, cellulose nanofibers (CNFs) and cellulose nanocrystals (CNCs), 

are able to overcome these issues and have recently gained significant research interest. 

Nanocelluloses retain many of the inherent properties of cellulose, including surface 

chemistry and low toxicity, but have smaller aspect ratios and much higher surface area.  

1.1.1 Cellulose nanomaterial production and properties 

Cellulose has a hierarchical structure that can be broken down into its smaller scale 

components (Figure 1.2).  

 

Figure 1.2 Schematic representation of hierarchical structure of cellulose 
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Cellulose nanomaterials are typically produced in two main ways ï mechanical action 

and chemical treatments. There are also processes which use a combination of these two 

methods to obtain CNFs and CNCs with different properties including size and aspect ratio. 

1.1.1.1 Cellulose Nanofibers (CNFs) 

To produce CNFs, bleached cellulose pulp from trees are mechanically separated using 

grinding, milling, or homogenization.33,35 The cellulose is further broken down to liberate 

fibrils through mechanical action or using high shear and pressure. At the lab scale, several 

cycles of homogenization are needed where the fibers pass through a narrow gap to increase 

the degree of fibrillization and obtain individual CNFs.33 Lab and research scale 

preparation of CNFs is highly laborious, results in very high energy needs, and can also 

lead to problems with fiber plugging, which can block the homogenizer and slow down the 

process.42 To counteract these problems, pretreatments can be added prior to the 

mechanical shearing step, including ultrasonication,43,44 ionic liquid pretreatments,45,46 

enzymatic pretreatments,47 alkaline pretreatments,48 and TEMPO-mediated oxidation.49ï53 

CNFs typically have diameters on the order of 5-50 nm and are usually several microns 

long.50,54 CNFs contain both amorphous and crystalline regions as indicated in Figure 1.2 

and, in order to remove the amorphous regions to obtain CNCs, harsher treatments need to 

be used.  

1.1.1.2 Cellulose nanocrystals (CNCs) 

CNCs are produced in industry using a top-down approach, which involves breaking 

down the cellulose fibers using acid hydrolysis (Figure 1.3). Prior to this step, the lignin 

and hemicelluloses need to be removed, typically using sequential alkaline and bleaching 
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pretreatments.48,55,56 Strong acids such as hydrochloric, phosphoric, or sulfuric are then 

used to dissolve pure cellulose and promote the transverse cleavage of amorphous regions 

of cellulose fibers.56ï58 The crystalline regions within the fibers are more protected than the 

amorphous regions due to the highly favorable hydrogen bonding interactions between the 

close-packed molecules, so the amorphous regions are preferentially degraded. The 

cleavage occurs between adjacent glucose molecules, which are then removed from the 

cellulose chains, effectively reducing the size of the chain, removing certain glucose 

molecules, and leaving crystalline regions of nanocellulose (Figure 1.3).57  

 

Figure 1.3 Reaction scheme showing acid hydrolysis of cellulose 

The most common acid used for hydrolysis is sulfuric acid (H2SO4) as it provides the 

quickest cleavage of the amorphous regions in cellulose fibers. This process, however, 

leaves negative surface charges due to partial esterification of some of the hydroxyl groups 

on the surface of the CNCs (Figure 1.4).59,60 
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Figure 1.4 Schematic representation of sulfate ester addition onto CNCs during acid 

hydrolysis with H2SO4 

While these sulfate groups increase the dispersibility of CNCs in water due to a 

stabilization effect from the negative charges, increasing the number of sulfate groups on 

CNCs has been shown to significantly decrease their thermal degradation temperature.60ï

62 

1.1.1.3 Commercially available CNCs and their production 

There were three types of CNCs used during the course of this research obtained from 

three different suppliers. Two of them, Forest Products Laboratory (FPL) and Celluforce 

(CF) use the sulfuric acid hydrolysis process and the third supplier uses a patented 

American Value-Added Pulping (AVAP) process.63 The AVAP process uses acidic sulfur 

dioxide and ethanol to fractionate biomass and remove lignin and the amorphous portions 

of the cellulosic materials. The CNCs are then mechanically treated to separate the CNC 

particles (these have been denoted CNC-3 in this thesis).64,65 All three of the processes are 

summarized in Figure 1.5. 
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Figure 1.5 Process summaries for CNC production from Forest Products 

Laboratory, Celluforce, and the patented CNC-3s 

All of these CNCs are rod-like particles that have some of the inherent properties of 

cellulose including biocompatibility, low toxicity, and high stiffness; but, they also exhibit 

high crystallinity, low density, and high surface area to volume ratio on account of their 

small size and high aspect ratio. The size and aspect ratio of CNCs are known to vary 

depending on the source and production method but typically have a width of a few 

nanometers with a length of a few hundred nanometers. 33,66 

1.1.2 Cellulose nanocrystal surface modifications 

The high surface area of CNCs presents with a large number of hydroxyl groups, which 

readily allows for modification of CNC surfaces to adapt the material to different 

conditions and applications. These modifications include carboxylation, silanization, 

esterification with acid chlorides, etherification with epoxides, acetylation etc., leading to 

many different available surface chemistries.32,67,68 CNC functionalization occurs by 

attaching functional groups onto the cellulose backbone with the simplest modification 
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method being adsorbing surfactants onto the surface through physical interactions with the 

hydroxyl groups (Figure 1.6). These modifiers usually have a hydrophilic head, which 

associates with the hydroxyl on the CNC surface and a hydrophobic tail, which extends 

away from the particle surface and can interact with organic solvents or matrices.69ï71 This 

produces an environmentally sensitive interaction, as the surfactants are not chemically 

attached and can be washed off with water or other polar solvents. 

 

Figure 1.6 Representation of surface adsorption onto nanocellulose. Molecules or 

surfactants can be physically attached onto CNC surfaces usually via stirring in a 

dispersion 

Chemical modifications can be done via molecular substitution or polymer grafting 

(Figure 1.7). Grafting to uses pre-synthesized polymer chains that are attached via 

techniques such as click chemistry between an alkyne-terminated CNC and an azide-

terminated polymer.72ï74 A grafting from mechanism involves polymerizing directly from 

the CNC surface, for example through a ring opening or radical polymerization 

reaction.75,76 
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Figure 1.7 Chemical modifications routes for nanocellulose: molecular substitutions 

are possible via chemical reactions; pre-made polymers can be grafted to CNC 

surfaces via chemical reactions; and monomers can be grafted from CNCs to form 

polymers on the surface 

Modifications of CNCs improve the dispersibility and compatibility with non-aqueous 

solvents and with other materials such as polymer matrices. It is also possible to incorporate 

charges onto the surfaces to provide electrostatic interactions that can lead to gelation or 

layer-by-layer assembly of films.72,77ï79 These charged surfaces can also improve the 

stability of CNC dispersions in water and organic solvents. 

1.1.2.1 TEMPO-Oxidation of CNCs 

2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO)-mediated oxidation is a well-

studied route to carboxylate cellulosic materials.50,52,80,81 The reaction uses TEMPO and 

NaBr as catalysts and NaClO as an oxidant to convert the primary alcohols on CNC 

surfaces to C6 carboxylate groups (Figure 1.8).50,81 The first step of this reaction involves 

the TEMPO oxyl radical converting the cellulose alcohol groups to aldehydes. Then the 
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NaClO converts the oxyl radical back to a stable state and further oxidizes the aldehydes 

to carboxylic acid groups. Due to the packing nature of CNCs, only a fraction of all the 

hydroxyl groups are accessible on the surface and this modification converts the primary 

alcohol groups on the CNC surface to carboxylate groups in aqueous media, while keeping 

the secondary alcohols in the bulk unaffected and structure and morphology of the material 

intact.80,81 Once these carboxyl groups are available on the surface, these materials can be 

used to form self-assembling films and gel networks, combined into other matrices and 

systems,21,82 or used as an intermediate step for further modifications since the carboxyl 

group is more readily reactive. 

 

Figure 1.8 Schematic for TEMPO-mediated oxidation of cellulose 

TEMPO-mediated oxidation can also be used as a chemical pretreatment to produce 

oxidized CNFs directly from pulp. The negative charges added to the cellulose fiber 

surfaces during TEMPO-oxidation cause repulsion between the fibers and reduce the 

interfiber hydrogen bonding, thus making separation by mechanical treatment much 

easier.54  Several producers, including the Forest Products Laboratory, were successful in 
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scaling up this process to produce large batches of TEMPO-CNFs with a much lower 

energy demand, making them commercially viable for use in coated papers and multilayer 

films.83,84  

1.1.2.2 Polymer grafting to CNCs via amine coupling 

Polymer grafting methods, both to and from CNCs, have been increasingly studied as 

a way to modify CNC surfaces, often to improve their compatibility with non-polar 

solvents and polymer matrices or to add stimuli responsive functionalities.67,77 The 

ñgrafting fromò method involves polymerizing directly from CNC surfaces and typically 

has better grafting density since steric hindrance does not play a role when attaching each 

small monomer to the growing polymer chain. Several groups have successfully used ring 

opening polymerization to attach polymers such as polycaprolactone (PCL) and poly-l-

lactic acid (PLLA) onto CNCs.85,86 However, grafting from can lead to a high 

polydispersity and it is often difficult to characterize the side chains and get a full 

understanding of the degree of polymerization.67,87 ñGrafting toò overcomes this issue by 

using pre-synthesized polymers, which are well characterized with a known degree of 

polymerization. Steric hindrance can sometimes limit the amount of substitution possible 

if using bulky side chains, but the final product can be better characterized and has a lower 

distribution of molecular weight leading to a more uniform material.69,77 

The most common method for grafting onto nanocellulosic materials is using a 

coupling agent to attach an existing polymer to the nanocellulose. While the CNC surface 

hydroxyl groups can be used for coupling, TEMPO oxidized CNCs provide a more reactive 

surface for grafting polymers onto CNCs via coupling reactions.72,74 One such coupling 
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reaction can be performed using TEMPO oxidized (carboxylated) CNCs and  primary 

amines through a carbodiimide-catalyzed amidation reaction.72 The reaction pathway is 

shown in Figure 1.9 using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride 

(EDC) as a catalyst. EDC attacks the carboxyl group on the CNC forming a very unstable, 

reactive intermediate. N-hydroxysuccimide (NHS) is added to the mixture to form a stable 

active ester intermediate. An amine is then added to the mixture to attack the ester 

intermediate and form stable amide cross-links with the carboxyl groups. 

 

Figure 1.9 Reaction pathway for amine coupling onto carboxylated CNCs 

With this coupling method, amines and amine-terminated polymers can be attached 

onto CNCs with a straightforward grafting to technique and several studies have shown 

successful grafting using long chain amines, amine-terminated polyethylene glycol (PEG-

NH2) and polyetheramines.88ï90 Polyetheramines, otherwise known as Jeffamines©, are 

polyethers consisting of ethylene oxides and propylene oxides and are terminated by amino 

groups (Figure 1.10). These materials are of interest in thermosensitive applications as they 
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undergo phase separation and can behave as a swollen coil or a collapsed globule 

depending on temperature.77,91 These long polymer chains are especially of interest to this 

thesis because they provide periodic ether group functionalities that are not limited to a 

chain end or surface and can be easily grafted onto carboxylated CNCs via carbodiimide 

coupling using the terminal amino groups.  

 

Figure 1.10 Polyetheramines (monoamine) produced by Huntsman Chemicals 

1.1.3 Gel formation using cellulose nanocrystals 

CNC suspensions have an inherent tendency to form hydrogels as the concentration of 

CNC particles is increased, a phenomenon primarily driven by electrostatic interactions 

due to syrface charge.79,92,93 CNC hydrogels are used as rheology modifiers in paints and 

coatings but, as small crystals, CNCs cannot entangle, which limits the strength of these 

hydrogels to under a few thousand Pascals (based on the storage modulus).21 This makes 

CNC-only hydrogels too weak for applications such as tissue engineering or drug delivery, 

which require storage moduli of greater than 10 kPa. To increase CNC hydrogel strength, 

they can be combined with water soluble, hydrogen bonding polymers such as polyvinyl 

alcohol (PVA) and alginate.94,95 Often in order to be compatible with other matrices, CNCs 

have to be surface modified using the techniques discussed in Section 1.1.2. The 
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combination of CNCs with polymers as a mixture or using compatibilizers that covalently 

crosslink the CNCs with the matrix can drastically increase the strength of the CNC gels 

and expand their applications.21,96  

CNC-only hydrogels usually need at least 10 wt % CNC to reach gelation, but this can 

be reduced by changing solution conditions or surface functionalities. As mentioned above, 

the most widely used and available CNCs are those produced by sulfuric acid hydrolysis, 

which have negatively charged sulfate ester groups on the surface, providing repulsion 

between particles. Salt addition can be used to decrease the electrostatic repulsion and lead 

to stronger attraction between CNCs. While this method can produce CNC hydrogels at 

much lower concentrations of around 1.5 wt %,21,92 it adds salts into the mixture, which 

could interfere in biomedical or drug delivery applications. Thermally induced desulfation 

can also reduce the electrostatic repulsion leading to gelation at lower CNC concentrations 

without the need for additional salts. Lewis et. al. showed that heating of CNC solutions as 

low as 1 wt % to above 80°C removed sulfate ester groups to form self-standing 

hydrogels.79 The temperature and concentration can be changed to provide hydrogels with 

varying strengths and mesh sizes; however, both of these methods are only viable for 

sulfated CNCs. Ultrasonication can be used to accentuate gelation by mechanically 

increasing the concentration of the CNCs that can be well-dispersed to a point above the 

percolation threshold, leading to higher associations between crystals. Freeze-thaw cycling 

of CNCs can also force aggregation by physically confining the particles between ice 

crystals.97 These methods can form CNC hydrogels without the need for additives or 

chemical modifications.  
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For some applications, CNC gelation in organic solvents is desirable, which can be 

achieved through freeze-thaw cycling for a few specific polar organic solvents.98 CNC 

organogel formation in a wider variety of solvents is more readily achieved through use of 

a solvent exchange procedure or by using surface modified CNCs. In solvent exchange, 

miscible solvents are swapped gradually, while the solutes remain dissolved or suspended. 

Aqueous suspensions or hydrogels of CNCs are typically solvent exchanged with ethanol 

or acetone by successive centrifugation and redispersion.99 Instead of performing solvent 

exchange steps, surface modified CNCs can be dispersed in compatible organic solvents to 

directly form stable organogels,88,100 which increases the potential applications of CNC 

gels to more than aqueous environments. These organogels have been studied for uses in 

pollutant adsorption and barrier films. In this thesis, we use the second method, 

modification of CNCs to directly disperse in an organic solvent for gelation. 

Both CNC hydrogels and CNC organogels can be dried using various techniques to 

make aerogels, which are gel networks where the solvent is removed to leave highly porous 

structures. Aerogels are low density materials that provide high surface area and porosity. 

They are useful for applications requiring high adsorption or loading capacities, such as oil 

adsorption and drug delivery.101ï103 Another advantage of aerogels is the lack of solvent 

dependence, enabling their use in a wider variety of applications than hydrogels or 

organogels, including filters, separation membranes and lightweight reinforcement.104,105  

CNC aerogels are formed using a three-step procedure: 1) dissolving or dispersing the 

CNC or its derivative in a solvent, 2) forming a gel in that solvent, and 3) drying the solvent 

while retaining the 3D network structure of the gel (Figure 1.11).  
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Figure 1.11 Representative schematic of CNC aerogel formation 

One method of obtaining aerogels is super-critical drying (SCD). SCD typically 

involves exchanging the solvent in a gel with a supercritical fluid, usually carbon dioxide 

(CO2), and the subsequent removal of this solvent under supercritical conditions (above 

31°C and 7.4 MPa for CO2).
106 This technique avoids liquid-vapor transitions for the gel, 

which has been linked to pore collapse. SCD requires the gel solvent to be miscible with 

CO2 for complete solvent exchange. Unfortunately, this means that SCD cannot be used 

for hydrogels since water and CO2 are immiscible. A two-step solvent exchange process 

can be used to first exchange the solvent to ethanol or acetone, forming an alcogel, followed 

by exchange with CO2.
103,104 While this process is useful for CNFs, CNCs have very high 

inherent hydrogen bonding with water and ethanol and full solvent exchange is almost 

impossible for CNC hydrogels.  

CNC aerogels are produced using a freeze-drying technique in order to sublimate the 

water out of CNC hydrogels and leave the porous aerogel structure. This method freezes a 

suspension or hydrogel of CNCs, forming ice crystals within the structure, which are then 

sublimated out at low vacuum. The freezing rate can be manipulated to changes the size of 

the ice crystals formed and thus the pore size of the resulting aerogels. Unfortunately, the 

rate of ice crystal formation can lead to aggregation problems or cracking within CNC 
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aerogels and the final products are often not very homogeneous due to the temperature 

gradients during freezing.30,103,107  

In this thesis, CNC suspensions were produced via dispersion in water and aerogels 

were developed via freeze-drying. A -80°C freezer was used for all aerogel formations in 

order to keep the freezing rate constant. The frozen CNC suspensions were then then 

freeze-dried to remove the solvent. 

 Pharmaceutical Crystallization 

1.2.1 Pharmaceutical Oral Dosage Forms 

Oral drug delivery is the most common and preferred form of drug administration into 

the body, especially for small molecule active pharmaceutical ingredients (APIs). 

However, certain disadvantages, including poor drug solubility, bioavailability, and 

stability, lead to limitations with oral dosage forms and their therapeutic abilities, often 

resulting in ~40% of newly discovered APIs failing during development, especially due to 

poor water solubility.108,109   

The FDA defines bioavailability as the rate and extent to a which an administered drug 

is absorbed and becomes available to the site of drug action.110,111 This can be thought of 

in terms of two parameters, solubility and permeability. Solubility refers to the volume of 

water required to dissolve the highest dose of the drug at physiological pH ranges and 

permeability refers to the absorption of the drug into the intestine. The biopharmaceutical 

classification system (BCS) divides orally delivered drugs into four categories based on 

these two parameters (Figure 1.12).111,112 
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Figure 1.12 BCS classification system for orally administered drugs 

For the purposes of this thesis, we are focused on the bioavailability dependence on the 

solubility of a drug. Frequently, for class 2 and class 4 drugs, the required clinical dosage 

is insoluble in physiological amounts of gastrointestinal fluid, rendering the drug 

inaccessible to the body.113,114 According to the U.S. Pharmacopoeia, solubilities below 10 

mg/mL are considered sparingly soluble and under 0.1 mg/mL are considered practically 

insoluble. APIs with these low solubilities often pass their absorption site within the body 

(such as the stomach or intestine) before complete dissolution of the drug crystal (Figure 

1.13).115,116 

 

Figure 1.13 Low dissolution of some orally delivered drugs leads to poor absorption 

of drug into the body 
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An example is fenofibrate, a cholesterol medication with a solubility of 0.8 ɛg/mL in 

water, which is significantly below what is considered insoluble. A typical dose of 

fenofibrate is a 54 mg tablet, but studies have shown that only 6% of the drug is dissolved 

in water after an hour.117,118 In vivo studies with rats have also shown that due to low 

dissolution, only 30-50% of fenofibrate is absorbed and at least 50% of the drug is excreted 

in urine.119 

1.2.2 Polymorphism in pharmaceuticals 

APIs often have a large number of functional groups in their chemical structure 

enabling them to pack into several different crystal structures or polymorphs. Polymorphic 

materials are those with the same chemical composition that can crystallize into different 

lattice structures or conformations.120,121 As such, APIs often exist as different polymorphic 

crystalline forms or as a disordered amorphous form. Each of these forms have unique 

physical and chemical properties including shape, purity, and free energy, which can lead 

to vastly different behavior in terms of stability, solubility, dosage, and exposure limits.121ï

123 Dissolution of a solid drug particle is dependent on the formation of intermolecular 

bonds between the drug molecules and the GI fluid, which is influenced by the surface 

functional groups. The free energy of a crystal determines its inherent stability and the 

amount of energy needed to separate the lattice and release the molecules into the 

solvent.124 Size and shape determine the surface area-to-volume ratio of a particle available 

for these interactions and bond formations to occur. Thus, the polymorph properties of free 

energy and particle shape, in addition to a property set by processing, the size, are the key 

drivers for the rate of dissolution and solubility achievable physiologically (Figure 

1.14).4,124 
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Figure 1.14 Key factors affecting the dissolution rate of pharmaceuticals ï (purple 

rods represent individual molecules) A. free energy of the API form, B. crystal size, 

C. crystal habit, and D. surface functional groups 

The interest in pharmaceutical polymorphism arises from these property differences, 

which need to be understood in the development of a specific drug product. While the 

lowest energy form is usually the most thermodynamically stable and easily obtained, it 

could show very low solubility and bioavailability making it ineffective as a drug. An 

example is chloramphenicol palmitate, with polymorphs A and B.125,126 While A is the 

thermodynamically stable form, it is therapeutically inactive. Form B is a higher energy 

form, so it dissolves more easily in water, raising its bioavailability, but also shows lower 

thermodynamic stability, leading to conversion to form A over time.127  

Polymorph stability and the potential conversion between polymorphs are important 

factors to consider during drug development. It is also crucial to identify all the possible 

polymorphs of a given drug. While a specific form of a drug might remain stable for an 

extended period of time and appear to be the only crystal form, additional polymorphs may 

present themselves later due to slight changes in the production method, including 
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temperature, pH, or concentration. 128,129 A famous example of this is Ritonavir, an HIV 

drug made by AbbVie that was commercialized as polymorph form I in 1995, but had to 

be pulled from the market a few years later when many of the lots failed the dissolution 

tests. A higher stability form II had appeared, which was much less soluble and thus 

showed significantly lower bioavailability and was no longer considered an effective HIV 

drug. Though its origins are unknown, form II spread quickly through the production 

process, with any trace of this polymorph in the manufacturing centers leading to 

spontaneous conversion of form I to the more stable form II.  Ultimately, AbbVie had to 

reformulate ritonavir and develop a new process to produce form I and keep it stable, which 

took two years.130ï132 Due to these issues, identifying and understanding potential 

polymorphs of a drug is essential before moving into production and trials.  

Though not a polymorph of the drug, the amorphous form is also important to study 

during the drug development process. While crystalline materials have three-dimensional 

long-range order, amorphous materials exist with more random packing, resulting in higher 

internal energy. 133  Amorphous forms of pharmaceuticals have, therefore, been shown to 

have improved solubility and higher bioavailability as a result of being a highly energetic 

solid material.134,135 As a result, amorphous APIs typically have a higher dissolution rate 

and can be made using a variety of common techniques such as vapor condensation and 

supercooling of the melt-state.134,136 Unfortunately, again attributed to the highly energetic 

nature of the solid state, the amorphous form has poor stability and tends to crystallize over 

time, which has significantly limited its research and its widespread use in the 

industry.134,137  
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Due to the existence of various solid drug forms, API formulation and production has 

to be carefully controlled to obtain consistent desired properties. The form of a drug is 

highly dependent on the crystallization conditions, including solvent, temperature, 

concentration of drug, and cooling rate.122,124,138,139 Crystal engineering is an important field 

of study that focuses on understanding the factors behind API polymorphism and tuning 

the crystallization methods to control the drug crystal form.  

1.2.3 Polymorph control 

Crystallization consists of two steps: nucleation and growth. Nucleation is the 

formation of a small particle out of a fully dissolved solution and growth occurs as 

additional molecules from the solution attach onto the nuclei. Nucleation controls the type 

of crystal structure obtained and growth controls the size and shape of the final 

particles.122,140 Once nucleation has been achieved, the growth process takes over and 

eventually leads to the final API crystal and thus the final dissolution rate. Crystal growth 

is a layer-by-layer process, which occurs as additional atoms form intermolecular 

interactions with the nuclei.140 In addition to polymorphism, drugs crystals can also exhibit 

different crystal habits. Habits refer to the shape of a drug crystal, which, along with crystal 

size, can greatly influence solubility.4,122,124 Size and shape of a drug crystal control the 

available surface area for dissolution of the drug.  
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Figure 1.15 Schematic representation of homogeneous nucleation directly out of a 

supersaturated solution and heterogeneous nucleation from a container surface, 

added impurity, or seed crystal 

Nucleation in pharmaceutical crystallization falls into two main categories: 

homogeneous and heterogeneous. Homogeneous nucleation is the formation of a solid 

nucleus spontaneously in solution without any preferred nucleation site. Heterogeneous 

nucleation is the formation of a new nucleus directly onto a surface (Figure 1.15).140,141 

Nuclei formation is influenced by contributions from intermolecular interactions, flexible 

molecular conformations, and solvent dynamics and the driving force for both of these 

mechanisms is a decrease in the free energy of the system.113,142 For homogeneous 

nucleation, energy is released when a nucleus is condensed out of a supersaturated solution. 

This energy release is greater than the energy required to form the new solid/liquid interface 

of the nucleus, leading to an overall decrease in the free energy of the system. For 

heterogeneous nucleation, the energy considerations also include the contribution from the 
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energy change at the interface of a nucleus forming on the additional surface, which lowers 

the overall energy from the liquid-surface contact.140,143  

In the pharmaceutical industry, there are a variety of crystallization techniques used to 

control the nucleus formation and thus crystal properties, such as high-pressure 

homogenization and supercritical fluid crystallization; however, many of them can lead to 

production of impure and undesired polymorphs since crystallization is a highly sensitive 

process.113,124 As a result, there has been a shift towards more controllable drug crystal 

engineering processes and the two this thesis focuses on are heterogeneous crystallization 

onto tailored surfaces and confined crystallization within pores.144,145 

1.2.3.1 Heterogeneous crystallization on surfaces 

Heterogeneous crystallization involves nucleation onto an existing surface, which 

decreases the effects of molecular conformations and the solvent, while providing a surface 

as a template.141,146 This has historically been used through the practice of ñseedingò the 

crystallization process, where pre-formed crystals of the desired polymorphs are 

introduced to the supersaturated drug solution so that additional nuclei orient into the same 

crystal structure.116,147 However, this is not sufficient for the new challenges in production 

of thermodynamically unfavorable polymorphs, as it requires a significant quantity of pre-

formed crystals of the same polymorph, which could be difficult and costly to produce. 

Seeding also does not completely eliminate the formation of undesired polymorphs from 

the supersaturated bulk solution.147,148 Additionally, with metastable polymorphs, there is 

also the chance of interconversion of the seeded crystals to more stable, but undesired, 

forms of a drug.149 New approaches involve heterogeneous crystallization onto surfaces 
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that are not identical to the APIs, but have surfaces where the desired polymorph is more 

favorable than the most stable form.143,146,150  

In designing surfaces for heterogeneous nucleation, the key parameters are epitaxial 

matching (lattice structure) and the surface chemistry (physical interactions to control 

molecular orientation). Additionally, controlling the area available for crystallization 

allows control over the supersaturation, which can be used to induce formation of desired 

nuclei. This is particularly important for crystallizing metastable polymorphs, as 

metastable phases form more readily at high supersaturations.11,146  

 

Figure 1.16 Parameters affecting heterogeneous crystallization: A. Lattice matching 

and B. Surface chemistry 

Angular or epitaxial matching can also be used to direct the growth of a specific crystal 

due to lattice matching.151ï154 Mitchell et. al. showed that by using cleaved surfaces of 

pimelic acid (PA) crystals, epitaxial matching could be achieved to form the yellow needle 

(YN) polymorph of 5-methyl-2-[(2-nitrophenyl)amino]-3-thiophenecarbonitrile (ROY), a 

precursor to the drug olanzapine. PA crystals present with (101) and (111) planes but the 

YN polymorph preferentially nucleates on the (101)PA plane due to direct contact with the 
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(001)YN plane. This study showed that there was two-dimensional epitaxial matching 

between these YN crystals and the PA surfaces using atomic force microscopy and the 

exact orientation was [100]YN-[010]PA and [010]YN-[10ρ]PA.153 

Additionally, using the surfaceôs chemistry, specific functional groups on a 

pharmaceutical crystal can be targeted, via the formation of hydrogen bonding or steric 

effects, directing the nucleation of the desired polymorph.155ï157 Hydrogen bonding 

between microcrystalline cellulose (MCC) and API crystals was used by Verma et. al. to 

drive heterogeneous nucleation for several APIs including carbamazepine (CBZ), 

acetaminophen (ACT), and fenofibrate (FEN).155 Diao et. al. used polymer substrates with 

various functionalities to direct interactions between hydrogen-bond donor-acceptor pairs 

with drug crystals. They showed the preferential interaction of the (011) face of aspirin, 

which is rich in carboxyl groups, with tertiary amide functionalities on poly(4-

acryloylmorpholine) substrates and the interaction of carbonyl rich (100) face of aspirin 

with poly(2-carboxyethyl acrylate) surfaces, which contain a high number of carboxyl 

groups.143 The interaction of the surfaces with incoming API molecules directed the growth 

of specific crystal habits of aspirin molecules. Several studies have also looked at self-

assembled monolayers (SAMs) as templates for API polymorph crystallization. SAMs are 

highly ordered and can incorporate a wide range of functional groups, which can be used 

to easily alter the surface chemistry of a substrate.158ï160 This makes SAMs very versatile 

surface for controlling crystal growth and several groups have used these materials to direct 

polymorph growth.158,161ï163 Hiremath et. al. used 3ô-nitro-4-mercaptobiphenyl SAMs to 

preferentially orient the { 100} crystal phase of 2-iodo-4-nitroaniline via I-NO2 interactions 

and van der Waals forces between the crystal and the SAM substrate.158 Yang et. al. 
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prepared SAMs of 3-mercaptopropionic acid and nucleated the metastable form II of the 

drug mefenamic acid by forming hydrogen bonding interactions between the substrate and 

the -COOH groups of the drug crystals.160 While polymer and SAM substrates have been 

studied for heterogeneous nucleation, using suspended particles and three-dimensional 

networks such as gels are still an emerging field. In this thesis, small CNC particles with 

highly modifiable surface chemistries are exploited to induce interactions with drug 

crystals and direct nucleation for APIs with a high number of polymorphs. 

1.2.3.2 Confinement in pores 

Confinement of drug solutions in pores (or other space that is smaller than a few 

hundred nanometers) can also induce crystallization by increasing the supersaturation in 

localized areas. This can lead to homogeneous nucleation within the pores or even 

heterogeneous nucleation from pore walls.164,165 Different polymorphs have different 

critical nucleus sizes and pores provide constraints on the space available for nucleus 

formation, which can be used to direct the formation of certain drug polymorphs.165,166 

Confinement within pores also limits the amount of space available for the growth of a 

drug crystal, leading to smaller crystals, which have a higher surface area-to-volume ratio 

and thus a faster dissolution rate.124,167 Variations in the pore sizes can also lead to different 

crystal habits due to interactions with the solvent or availability of/access to certain crystal 

faces.167,168 

Several studies have used confinement to direct the crystallization of specific 

polymorphs or even force the amorphous form of a drug to be present.135,164,166,168,169 It has 

been suggested that in order for crystal nucleation to take place, pore sizes need to be about 
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20 times the size of the critical nucleus. Recently, Dwyer et. al. confirmed this for the case 

of FEN, a drug used to lower cholesterol and triglycerides, with a critical nucleus of ~1.27 

nm. They used nanoporous silica and showed that below a 12.7 nm pore size, amorphous 

FEN was formed, whereas above a 20.2 nm pore size, crystallization was able to occur and 

FEN form I was grown.168 Glass membranes with different pore sizes were also used by 

Ha et. al. to crystallize anthranilic acid (AA), a water-soluble vitamin and metabolite. The 

smallest pore size was able to nucleate the metastable form II of AA while larger pores 

revealed only form III of the drug. The preference for form II in the smaller pores was 

attributed to the smaller critical nucleus size.165 Similarly, Beiner et. al. used controlled 

pore glass (CPGs) to crystallize ACT, a widely available pain reliever and fever reducer, 

that has three known polymorphs with form III being the metastable form. This study 

showed that using nanoconfinement, the metastable form III of ACT was crystallized and 

stabilized in CPGs with pore sizes between 43 and 103 nm.166 Though this is a fairly new 

area of research, these studies show the feasibility of using confinement as a method for 

polymorph control in pharmaceuticals. While most studies in this area have used inorganic 

materials135,166,168 or polymer gels164,169,170 for confinement, in this thesis, CNC particle-

based gels are used.  

1.2.3.3 Combining surface chemistry and confinement in pores for pharmaceutical 

crystallization 

While both surface nucleation and confinement within pores can be used as individual 

techniques to tune API formation, these methods can also be combined to provide a system 

for control over drug polymorph formation and drug crystal size and habit. Investigating a 

combination of these methods provides insight into the effects of each on API polymorphs 
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and drug crystal habit and size. This thesis focuses on controlling these two crystallization 

techniques in order to understand the fundamental effects of combined crystallization 

methods on API polymorphism and the final drug crystal products. 

Gels are an interesting class of materials that enable control over both surface geometry 

and surface chemistry, making them prominent for rational design of systems for API 

nucleation. Gels typically contain pores with small mesh sizes, which can play a dramatic 

role in enhancing nucleation kinetics by forcing supersaturation.171ï173 Additionally, the 

surfaces within a gel network present the potential for surface-API interactions enabling 

control over directing the drug polymorph.174,175 The surface of the pores within the gel can 

be modified to enable binding of specific API functional groups and presenting sites for 

heterogeneous nucleation of drug crystals. The mesh size of gels can be controlled by 

changing gelation parameters including the type of gelator or crosslinker, the molecular 

weight (if the gelator is a polymer), and the concentration of gelator. The growth of drug 

crystal nuclei in gels is restricted based on this mesh size, which provides control over the 

final crystal size and habit.15,171,175 

The use of gels in the pharmaceutical field has been studied by several groups, 

especially for encapsulation and drug delivery applications. Gels can be swelled in certain 

media for the easy release of entrapped particles such as drug crystals. More recently, 

crystallization of APIs within gel networks has gained traction, especially for newly 

developed hydrophobic drugs. Foster et. al. demonstrated the use of bis(urea) 

supramolecular gels for the growth of pharmaceutical crystals, taking advantage of the 

reversibility of the gels to release the drug crystals after growth.176 Eral et. al. showed that 

alginate hydrogels can be used to crystallize and encapsulate both hydrophobic and 
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hydrophilic APIs, but the encapsulation of hydrophobic APIs required the use of emulsion 

droplets due to the hydrophilic nature of the alginate.175 While these studies have shown 

promise for gels as crystallization media, a major challenge that remains in developing gels 

for drug nucleation is the case-by-case basis on which they are designed. Each new desired 

API crystal form needs a new gel-forming material and medium, and while some materials 

will work for classes of APIs (i.e. hydrophobic), they are not fully flexible. 

As discussed in section 1.1.2 CNCs can be functionalized to present with different 

surface chemistries that have the potential for directing API polymorphism via interactions 

with the surface functionalities. The gelation of CNCs was discussed in section 1.1.3 and 

using surface modified CNCs, the internal chemistries of these gels can be tuned to interact 

with APIs and form sites for heterogeneous nucleation. Porosity within the CNC gels can 

be used for confining the crystallized nuclei to specific crystal sizes and habits. The large 

specific surface area of CNCs is expected to present a large number of nucleation sites for 

providing high yields of API crystals even by using small amounts of material. In this 

thesis, CNCs with hydroxyl groups, carboxyl groups, long hydrocarbon chains, and ether 

functionalities are developed. Gels of these modified CNCs are then used as platforms for 

crystallizing APIs in order to study the effects of combined crystallization on API 

polymorphs, crystal size, and crystal habit. Determining these effects can lead to a better 

understanding of crystallization, which is an important steppingstone for rational design of 

pharmaceutical crystallization platforms. 

1.2.4 Metastable polymorphs 
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Concerns with the stability of drug forms is not limited to the amorphous form. API 

polymorphs can also undergo interconversion and this is an important factor to consider 

during drug development. Metastable polymorphs of a drug can often form during the 

crystallization process due to kinetic factors. These are transitional states that are lower in 

energy than a supersaturated solution but are not the most thermodynamically stable form. 

Metastable polymorphs, therefore, spontaneously form out of supersaturation solutions and 

have higher solubilities than the thermodynamically favored state but face the same 

stability issue as amorphous forms and usually transition to the stable form in a relatively 

short period of time.4,124,146 Chloramphenicol palmitate (CAP) is an example of this 

phenomenon. While form B of CAP has higher solubility, it shows lower thermodynamic 

stability, leading to conversion to form A over time.124,125 These transitions can also lead 

to clinical failures, even after a drug has gone to market, as was the case with Ritonavir 

(see section 1.2.2). As such, accessing and stabilizing metastable polymorphs remains a 

challenge in the field of API production and processing. These polymorphs often require 

very specific conditions to crystallize including control over solvent, temperature, pH, and 

level of supersaturation.4,177 Some studies have reported methods of obtaining metastable 

API polymorphs including surface templating,178,179 solid dispersions,177,180 and 

confinement.181ï183 Telford et. al. showed that a metastable form III of acetaminophen was 

stabilized using lactose as an excipient. This was achievable due to the favorable 

interactions between the lactose molecules and the ACT hydroxyl (OH) groups. 167,178 

The stability of these metastable polymorphs is a concern and interconversion can 

occur when subjected to certain stimuli, such as moisture, solvent, heat, pH, or even 

time.184,185 For some drug forms, including the metastable form III of acetaminophen, solid 
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state transformation can also occur immediately after preparation or within hours without 

any external stimuli, preventing thorough investigation of these form.186ï188 This often 

limits the use of metastable forms of a drug in commercial applications, even though they 

may exhibit higher therapeutic activity. Recent studies have reported ways to stabilize 

metastable polymorphs through the use of additives178,189,190 or confinement.191 Nowak et. 

al. formed the metastable polymorph II of fluconazole (FLU) using the polymeric excipient 

Soluplus. They used a spray drying technique to obtain these pharmaceutical crystals and 

showed that the Soluplus excipient is able to stabilize FLU form II from transforming to 

stable form I, which occurs at elevated temperatures and relative humidity.177
 Dressler et. 

al. formed SAMS using L-2-amino-N-{ -[2-(2-amino-3-phenyl-propionylamino)- 

ethyldisulfanyl]-ethyl}-3-phenyl-propionamide, which were able to crystallize and 

stabilize the metastable Ŭ form of L-glutamic acid. These SAMs are able to inhibit 

transformation to the stable form by restricting molecular conformations.163 Studies into 

stabilizing metastable polymorphs are still limited to individually designed systems and 

not very widely used.  

This thesis investigates the use of cellulose nanocrystal aerogels as scaffolds to stabilize 

metastable polymorphs of the model drug indomethacin. These aerogels provide both 

surface templating and confinement effects, which can be used to stabilize the metastable 

forms of drugs and prevent interconversion to enable the use of higher solubility drug 

forms. Furthermore, the utilization of these non-specific scaffolds can be expanded to a 

wider array of pharmaceutical molecules, which can expand the use of metastable 

polymorphs.  
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This chapter was adapted from a publication in Processes. 

Banerjee M., Saraswatula S., Williams A., Brettmann B., Effect of Purification Methods 

on Commercially Available Cellulose Nanocrystal Properties and TEMPO Oxidation. 

Processes, vol 8, issue 6, pp. 698, 2020. 

Prior to using CNCs for gel formation and pharmaceutical crystallization, an in-depth 

study into three commercially available CNCs was performed. Since CNCs are natural 

materials extracted from trees and plants, they can be highly variable, and the material 

properties often have a strong dependence on the commercial source and extraction method 

used. Purification methods can be used to further alter and reduce variability in these 

material properties. 

The aim of the work in this chapter, therefore, was to examine various CNC properties 

and show the effect of different post-treatments on the physical and surface properties of 

CNCs and to use this information to understand the impact of CNC producer and post-

treatment on the extent of surface modification via TEMPO-oxidation as well as on the 

formation of CNC gels that could be used in applications including drug crystallization, 

tissue engineering scaffolds, and structural membranes. 

CNCs were obtained from 3 different suppliers and were post-treated in-house with 

three different purification methods: dialysis, Soxhlet extraction with ethanol, and acetone 

washing (Figure 2.1). Since the production method of the CNC material is known to have 

an impact on both physical and surface properties of CNCs, characterizations were 
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performed to analyze the CNC particle size, crystal structure and surface charge before and 

after the purifications. Additionally, TEMPO-oxidation, a commonly used process in the 

nanocellulose industry, was performed on each other CNCs, again before and after 

purification, to determine the level of surface modification achievable. To further evaluate 

the effect of CNC source and purification, organogels of the differently treated CNCs were 

prepared and the strength of the gels measured using rheology. 

 

Figure 2.1 Schematics of post treatments on CNCs ï A. dialysis, B. Soxhlet 

extraction in ethanol, and C. washing with acetone 

 Materials and Methods 

2.1.1 Cellulose nanocrystals 

CNCs were obtained from three different commercial suppliers. Forest Products Lab 

provided an 11.8 wt% slurry of CNCs in water (FPL-CNC). These were produced using a 

sulfuric acid hydrolysis process to produce CNCs from strip-cut dissolving pulp. Following 

hydrolysis, the material is fractionated and concentrated into an aqueous dispersion.  

CNCs obtained from Celluforce were in a spray dried powder form (CF-CNC). These 

CNCs were also produced by sulfuric acid hydrolysis of bleached Kraft pulp. The CNCs 

were then neutralized, diluted and spray dried.  



34 

The third type of CNC was received as a slurry containing 3.27 wt% solids (CNC-3). 

These were produced using the AVAP process where acidic sulfur dioxide and ethanol are 

used to fractionate biomass and remove the lignin and the amorphous portions of the 

cellulosic materials. The CNCs are then concentrated and left as an aqueous suspension. 

We use one batch of each supplied material for the studies in this thesis and do not examine 

batch-to-batch variation. For certain studies in this chapter, CNCs needed to be freeze-dried 

prior to use. A Labconco FreeZone 2.5 liter freeze dryer was used to freeze dry the samples. 

CNC dispersions were placed into 600 mL freeze-drying flasks and frozen in a -80°C freezer. 

Frozen samples were placed in the freezer dryer at -50°C and < 1 mmHg pressure. The freeze 

dryer was used to sublimate out all the water from the system leaving behind solid CNC 

powder. 

2.1.2 Cellulose nanocrystal purification treatments 

Dialysis purification was performed on all the as-received CNCs in order to remove 

salts and any other water-soluble impurities from the CNC surfaces. This has been used 

previously for CNC purification, especially to remove free acid from CNC suspensions.59,66 

For this thesis, dialysis membranes were obtained from Wardôs Natural Science and were 

made of regenerated cellulose from cotton linters. Aqueous suspensions of CNCs were 

dialyzed against deionized (DI) water. The water-to-suspension volume ratio was 100:1 

and, over the course of dialysis, the water was changed 5 times at a rate of once per day for 

5 days. 

Soxhlet extraction is a continuous reflux technique that aims to remove partially soluble 

impurities from solid surface by repeatedly running warm solvent through a sample. The 
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continuous recycling of solvent through the sample ensures that the impurities are 

transferred away from the sample and into the solvent. This has been used previously to 

purify CNCs and improve the reproducibility of chemical reactions from CNC 

surfaces66,192 and in this thesis Soxhlet extraction of CNCs was performed using both 

ethanol and acetone. Ethanol and acetone were both obtained from Acros Organics. Studies 

were conducted using 1 g of dry CNC powder (FPL-CNC and CNC-3 were freeze dried 

prior to use), which was placed into Whatman brand extraction thimbles and into the 

extractor. A 500 mL round-bottom flask containing 300 mL of the desired solvent was used 

for the extraction process. These samples were extracted for 48 hours and the resulting 

CNCs were left to dry overnight before further use. 

We use acetone washing because of the ease of set up and sample preparation. Soxhlet 

extraction can take several hours but rinsing a material requires no specialized glassware 

and can be completed in a much shorter time. Acetone is a common solvent for many 

organic materials and was thus used to dissolve organic impurities. For the acetone 

washing, 1 g of dry CNC samples (FPL-CNC and CNC-3 were freeze-dried prior to use) 

were suspended in acetone and stirred for 10 minutes using a magnetic stir plate. The 

suspensions were then centrifuged for 10 minutes at 10,000 RPM using an Eppendorf 

centrifuge. The supernatant was removed and this wash-centrifuge cycle was repeated an 

additional 2 times for each sample. The resulting washed CNCs were left to dry in air 

overnight before further experimentation. 

2.1.3 Cellulose nanocrystal characterization: 

2.1.3.1 Dynamic Light Scattering 
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Dynamic light scattering (DLS) is a non-invasive technique that provides an 

approximate size of particles by analyzing the Brownian motion of particles. Aggregation 

and sedimentation disrupt random movement of particles, so solutions have to be quite 

dilute in order to accurately use DLS for size measurements (for CNCs, approximately 0.05 

wt% or less).193,194 Using the Einstein-Stokes equation (Equation 2.1), the size of a particle, 

otherwise known as the hydrodynamic radius (RH) can be obtained from the translational 

diffusion coefficient, D, which is related to the movement speed of the particles in the 

solution or dispersion.  

 Ὀ  Equation 2.1 

kB is Boltzmannôs constant and T and ɖ are the temperature and viscosity of the 

solution, respectively; these parameters affect the movement of particle and since smaller 

particles would move faster, the diffusion coefficient has an inverse relationship with 

particle size.  

DLS estimates all objects to be spherical and RH is the radius of the spherical object. 

Even though CNCs are rod-like particles, DLS can provide a good relative indication of 

the apparent particle size of different CNCs, especially at low CNC concentrations where 

aggregation is minimized.193 DLS was used to obtain the approximate particle size of the 

CNCs. Solutions of 1 wt% dried CNCs in water were diluted down to 0.001 wt% and 

sonicated with a probe sonicator for complete dispersion. A Fisherbrand model 505 Sonic 

Dismembrator was used for all probe sonication work in this thesis. The CNC dispersions 

were measured at 21  on a Malvern Panalytical Zetasizer using polystyrene cuvettes. 

Three measurements of each type of CNC were taken with five runs on each sample. 
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Averages and standard deviations were calculated from these 15 values. Reported error 

bars represent the standard deviation.  

2.1.3.2 Transmission electron microscopy 

Transmission electron microscopy (TEM) is a characterization technique used to obtain 

images of specimens at very high magnifications. A beam of electrons is transmitted 

through a sample and the interaction between the electrons and the sample is used to 

observe the different features, such as size, shape, crystal structure, and grain boundaries. 

Due to the low wavelength of electrons, the resolution of TEM is very high and micro and 

nanoscale features are easily resolved. There are several challenges that arise when 

characterizing CNC sizes with TEM. The presence of debris can hide CNCs from the 

detector or the contrast between the material and the background could be low. 

Additionally, if the CNCs are not well dispersed, aggregation can lead to images where 

individual CNCs cannot be distinguished, especially since CNCs are often strongly 

hydrogen bonded together. Keeping these conditions in mind, in this thesis, a JEOL100 

CX-II TEM instrument was used to observe the approximate size and shape of the CNCs 

with an operating voltage of 100 kV. Samples were prepared by drop casting 10 ɛL of 0.5 

wt% CNCs in water onto carbon coated TEM copper grids placed on filter paper. 

Concentrations of CNCs between 0.01 to 0.5 mg/mL are considered dilute enough for good 

dispersion but not too dilute where only one or two individual whiskers are seen.195,196  

The contrast in TEM is dependent on interaction between the electron beam and the 

sample and how well the electrons are able to transmit through the material. Heavier atoms 

typically block electron beams so the environment of a sample can be stained with heavy 
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metal salts to block out the signal enabling easier visibility of the sample. In this thesis, 

uranyl acetate was used to stain the samples.197 10 ɛL of a 0.1% uranyl acetate solution 

was dropped onto the grids after the CNC solution casting; excess liquid was removed by 

dabbing with filter paper. The samples were dried overnight before imaging. Images 

obtained from TEM were analyzed using ImageJ to measure the size of the individual 

crystals. 30 crystals total from 3 different images of each CNC type were measured and the 

average and standard deviation were calculated. The aspect ratio of the CNCs were 

calculated from length versus width of particles and the uncertainty was determined via 

propagation of error. 

2.1.3.3 X-ray diffraction 

X-ray diffraction (XRD) is an analytical technique used to determine phase information 

of crystalline materials. In this technique, x-rays are directed at a sample and the diffracted 

radiation is collected. By measuring the difference in the angle of the incident and reflected 

radiation, information about crystal structure, unit cell size, and % crystallinity can be 

obtained. In this study, a Panalytical XôPert Pro Alpha-1 XRD operated at 40 mA was used 

to study the crystal structure and crystallinity indices (CrI) of the three different CNC 

samples. The range of scanned angles was 5° to 35° using a 1/4° anti-scatter slit and a 0.04 

radian soller slit. Powder XRD scans were done on the FPL-CNCs and CNC-3s after freeze 

drying and on the CF-CNCs as-received (spray dried powder).  

The crystal structures of the CNCs were determined from the peak positions, which 

correspond with the different crystal planes. The CrI of each CNC sample was determined 

using two methods. First, the XRD data was analyzed using PeakFit v4.12 software to 
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perform a deconvolution of the amorphous and crystalline peaks. It was assumed that the 

amorphous content was the only factor contributing to peak broadening and an amorphous 

peak at 21.4° was used as a reference to determine the crystallinity indices.198,199 The 

second method used to measure the CrI was the peak-height method developed by Segal 

et. al., which is given by Equation 2.2.200,201 Iam is the intensity minimum between the peaks 

corresponding to the 110 and 200 crystal planes for cellulose Iɓ, which occurs at around 2ɗ 

= 18.7° and I200 is height of the peak for the 200 crystal plane at 2ɗ = 22.6Á. The intensity 

was averaged for 2ɗ Ñ 0.05Á.10 Standard deviations were also calculated from these values 

and measured as a percentage of the average. The higher of these values was taken as the 

uncertainty. 

 ὅὶὍρ ρππ Equation 2.2 

2.1.3.4 Zeta potential measurements 

The surface charge of the CNCs was determined using zeta potential measurements. 

Zeta potential is an electrostatic charge that develops at the interface of a solid material and 

its liquid surroundings. When particles are dispersed in a solvent, any functional groups on 

the surface of the particle interact with the solvents, resulting in surface charges. These 

charges attract ions from the solution to form a double layer surrounding the surface. The 

zeta potential is a sum of these surface and double layer charges. It is often used as an 

indicator of the stability of a dispersion, as a higher charged surface will repel other 

similarly charged particles and prevent aggregation. In this thesis, a Zetasizer Nano Z 

(Malvern Instruments, Ltd., Worcestershire, UK) with a dip-cell setup was used to measure 

the zeta potential of CNC dispersions. The instrument temperature was set to 25ºC. 
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Approximately 800 ɛL of 0.001 wt% CNC solutions were measured in optically clear 

cuvettes. The Smoluchowski equation was used to calculate the zeta-potential. Three 

samples of each type of CNC were measured with five runs on each sample. Purified CNCs 

were also measured in a similar manner. Averages and standard deviations were obtained 

from these measurements and the error bars represent the calculated standard deviations 

for each type of CNC. 

2.1.3.5 Conductimetric titrations 

The surface charge of each CNC sample was also measured using conductometric 

titrations. This is a technique that measures the electrolytic conductivity of a sample 

solution as a reactant is added. Acidic samples can be titrated using a base in order to 

measure the change in conductivity as the acid is slowly neutralized. A v-shaped 

conductivity profile is obtained as the conductivity declines from the decrease of H+ ions 

and eventually reaches a plateau followed by an increase in conductivity from additional 

OH- being added to the solution after the acid is fully neutralized.60,202  

CNCs can contain surface sulfate ester groups that can exist in acidified forms. In order 

to ensure all CNC sulfate esters are acidified, an ion exchange resin was used to fully 

protonate the sulfate half ester groups. A column ion-exchange procedure was performed 

using Dowex Marathon C hydrogen form resin from Sigma-Aldrich, following the 

procedure by Beck et. al.202 A 29 mm chromatography column was packed with some 

cotton followed by 25 cm of the resin. This was washed with over 1000 mL deionized 

water immediately before use. The ion exchange procedure was performed on FPL and CF 

CNCs since these were obtained via sulfuric acid hydrolysis. For each of these types of 
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CNCs, 500 mL of 0.5 wt % CNC dispersions in water was stirred overnight. The 

suspension was then run through the column and collected (the first 30-40 mL of eluent 

from the column was discarded) after protonation was complete. Fresh resin was used for 

each type of CNC. The third type of CNC, CNC-3, was not produced by sulfuric acid 

hydrolysis and was not expected to contain sulfate half-ester groups. A sample of CNC-3 

was sent for elemental analysis to Atlantic Microlab, Inc. and it was determined that this 

material contained no sulfur. Ion-exchange and surface charge determination using 

conductometric titration was therefore not performed on this type of CNC. 

In this thesis, CNC dispersions were titrated against sodium hydroxide (NaOH), using 

a method optimized from literature,59,60,202 and conductometric titrations curves were 

obtained by continuously measuring the conductivity using a VWR Brand pH and 

conductivity meter. 100 mL of the ion-exchanged CNC suspension was diluted by adding 

100 mL deionized water. 2 mL of a 0.1M NaCl solution was also added in order to increase 

the conductivity of the sample to within the reading limits of the conductivity meter. The 

titration was done by adding between 100-500 ɛL of 0.1 M NaOH to the suspension 

approximately every minute and the conductivity was recorded once the reading was stable. 

The conductivity readings were corrected for a dilution factor to account for the added 

volume of NaOH.  

Three titrations were done for each sample and the average and std. deviation is 

reported. A typical titration took about 60-90 minutes and Equation 2.3 was used to obtain 

the amount of sulfate-ester groups, which relates to the surface charge. Ve is the volume of 

NaOH at the equivalence point (this is the volume required to neutralize the sulfate-ester 
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groups), CNaOH is the concentration of NaOH, wCNC is the mass fraction of CNCs in the 

suspension, and CCNC is the concentration of the CNC suspension. 

 ὕὛὕὌ 
  

  
 Equation 2.3 

Raw data from a typical conductivity titration is shown in Figure 2.2 and the Ve is 

determined using the curve as shown. The calculated sulfate-ester concentration for this 

sample is 287 mmol/kg of CNC. 

 

Figure 2.2 Representative conductometric titration showing the different regions of 

the curve.  

2.1.4 Surface modification ï TEMPO mediated oxidation: 
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2,2,6,6-Tetramethyl-1-piperidinyloxyl free radical (TEMPO) was obtained from TCI 

America. Sodium bromide (NaBr), and sodium hypochlorite (NaOCl) were obtained from 

Alfa Aesar. Oxidation of CNCs was done using the procedure by Habibi et. al.81 Briefly, 

about 1 g of dry CNCs (FPL-CNC and CNC-3 were freeze dried prior to use) were suspended 

in 150 mL water and stirred for 10 minutes to evenly disperse. TEMPO (0.035 mol/mol 

CNC) and NaBr (0.5 mol/mol CNC) were added and the suspension was further stirred for 

10 minutes. NaOCl (3 mol/mol CNC) containing 11-15% active chlorine was added in a 

dropwise manner to start the oxidation procedure. The pH of the mixture was kept between 

10.5 and 11.5 with the addition of 0.5 M NaOH. The oxidation was deemed complete after 

4 hours of stirring when the pH of the mixture stopped decreasing rapidly. The reaction was 

terminated by adding 5 mL ethanol and stirring for another 30 minutes. The final product 

was centrifuged to separate the solids and the concentrated oxidized CNC (O-CNC) samples 

were dialyzed against DI water for 5 days. Finally, the O-CNC was freeze-dried to obtain a 

white powder. Three oxidations were performed on each type of CNC before and after the 

purifications. 

The degree of oxidation was quantitatively measured using conductometric titrations 

(described above in section 2.1.3.5). Approximately, 50 mg of the freeze-dried O-CNC was 

suspended in 100 mL water and stirred. 2 mL of 0.1 M HCl was added to the suspension to 

obtain the carboxylic acid form of O-CNC. This was titrated against 0.1 M NaOH and 

Equation 2.4 was used to calculate the amount of carboxyl group per gram of CNC, where 

Vp is the volume of NaOH corresponding to the plateau of the conductometric titration curve, 

which is attributed to neutralizing the CNC carboxyl groups (see Figure 2.2), CNaOH is the 

NaOH concentration, and WCNC is the weight of O-CNCs used for the titration. Titrations 
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were performed on three separate oxidized samples of each type of CNC and averages and 

standard deviations were calculated. 

 ὈὩὫὶὩὩ έὪ ὕὼὭὨὥὸὭέὲ  Equation 2.4 

2.1.5 Formation of cellulose nanocrystal organogels 

In this chapter, supramolecular organogels were formed by a method similar to that 

used in CHAPTER 3. While the later chapter goes into an in-depth study of the gelation 

mechanism and factors affecting gelation, this chapter uses the optimized gel formula to 

evaluate the effect of the different CNC suppliers and purification methods on the gel 

strength. 

 Organogels were prepared by first dissolving 90 mg octadecylamine (ODA) in 3 mL 

dimethyl sulfoxide (DMSO). This solution was vortexed for 30 seconds followed by 

sonicating in a bath at room temperature for 10 minutes to get thorough mixing. 30 mg of 

O-CNC was added to the mixture and again vortexed and sonicated. The mixtures were 

then heated to 70  to disrupt intermolecular interactions and vortexed again to enable 

further mixing of the O-CNC and ODA. The mixtures were then cooled at 4 °C in the fridge 

to initiate network formation. 

2.1.6 Characterization of organogels using rheology 

Rheological studies are used to study the flow and deformation of materials. In a typical 

experiment, a stress is applied to a material and the resulting behavior is studied to 

determine properties such as strength and viscosity. In this chapter, rheology is used to 

determine the strength of gel phase materials by measuring the amount of energy that can 
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be stored in the material. When a stress is applied, energy is inputted into the gel and the 

some of that energy is stored within the gel network, while the rest is dissipated as heat.  

The storage modulus (Gô) of a material relates to this ability to store energy elastically, and 

the strength of a gel network determines the amount of energy that can be stored. The loss 

modulus (Gò) of a material is related energy lost via heat. In the gelled state, Gô of a 

material is higher than Gò and the crossover point, where Gò is higher than Gô, is 

considered the de-gelation point and the material behaves like a fluid after this. The de-

gelation point was measured for the gels in this chapter in order to determine the effect of 

purification and CNC source on network disruption. 

For this thesis, rheological studies were performed using a TA Instruments Discovery 

Hybrid Rheometer 3. In this chapter, the organogels were characterized using stress-sweep 

experiments. A 40 mm diameter plate and a 2° cone geometry were. 2 mL of each gel was 

analyzed at a gap of 53 mm at 25°C. Stress sweep experiments were performed at a 

frequency of 1 Hz with the stress ranging from 0.1 to 1000 Pa. 

 Results and Discussion 

2.2.1 Physical Properties of As-received CNCs 

CNCs were characterized to determine the physical properties, including size, shape, 

and crystallinity, of the materials. For the as-received material, the average ñapparent 

particle sizeò as measured via DLS was 125 Ñ 6 nm for the FPL-CNCs, 92 ± 6 nm for the 

CF-CNCs, and 152 ± 38 nm for the CNC-3s (Figure 2.3, blue bars). The variation in the 

diameter of FPL-CNCs and CF-CNCs was low, indicating narrow distribution of CNC 

sizes and low aggregation, which is attributed to the colloidal stability of CNCs produced 
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by sulfuric acid hydrolysis. This method of CNC preparation leaves sulfate half ester 

groups on the surface of the CNCs, which are charged at neutral pH and provide colloidal 

stability.59,62,202 The DLS measurements for CNC-3s showed a much wider distribution of 

particle sizes as seen from the high standard deviation. Examination of the particle size 

distribution indicated the existence of a large number of aggregates with around 50ï60% 

of each sample having a diameter of 400 nm or higher. This higher level of aggregation is 

due to the lack of sulfate ester groups on the CNC-3 particles, which are produced without 

acid hydrolysis, and subsequently have a low surface charge and low colloidal stability in 

water.65,196 

 

Figure 2.3 Diameter of all CNCs from DLS measurements indicating size as-

received and after post-treatments. Blue bars are for as-received, green bars are for 

dialyzed post-treatment, red bars are for Soxhlet extraction post treatment, and 

purple bars are for acetone wash post-treatment 

To complement the DLS results, which treat the particles as spheres, the size and shape 

of CNCs were observed using TEM (Figure 2.4). The average lengths of the CNCs were 
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133 nm ± 34 nm, 79 ± 30 nm, and 194 ± 32 nm for FPL-CNCs, CF-CNCs, and CNC-3s, 

respectively. Overall, these size values agree with the pattern seen from the DLS results, 

indicating that the sizes obtained from DLS are reasonable estimates of the approximate 

CNC whisker sizes and their trends. The sizes obtained from TEM are larger than for DLS 

for CNC-3s, probably due to poorer dispersion in the 0.5 wt% solution used for TEM 

imaging, indicating that some of the particles in the TEM images are probably aggregates. 

Based on the CNC shape, it was determined that the aspect ratio of the CNC-3s were the 

highest at 34 ± 7 followed by FPL-CNCs at 18 ± 5 and CF-CNCs at 8 ± 3. 

 

Figure 2.4 Transmission electron microscopy (TEM) images of as-received  

A. FPL-CNC, B. CF-CNC, and C. CNC-3 

The crystal structure and percent crystallinity of CNCs from the three different 

commercial suppliers were determined using XRD analysis (Figure 2.5). It was observed 

that CNC-3s and CF-CNCs contained only cellulose Iɓ crystals, which have a monoclinic 

crystal structure. Peaks for CNC-3s were observed at 15.8, 22.8, and 34.7° corresponding 

to known crystal planes for cellulose Iɓ. CNCs from CF show these peaks and an additional 

peak at 20.7, which corresponds to the 102 plane.203ï206 In addition to peaks at 15.2, 17, 

and 22.8o, FPL-CNCs presented with peaks at 12.2, 19.9, and 21.9o. The first set are 
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indicative of the presence of the monoclinic crystal structure of cellulose Iɓ and the second 

set is indicative of cellulose II peaks.204 The crystallinity of the material determined using 

PeakFit was based on an underlying amorphous hump at around 21.4° (not seen in the 

figure). This method showed that FPL-CNCs had the highest total crystallinity at 97%, CF- 

CNCs were 87% crystalline and CNC-3s were found to have the lowest crystallinity at 

68%. The Segal method, which is a good indication of relative crystallinity, gave a CrI of 

83.9% ± 5% for FPL-CNCs, 76.8% ± 3% for CF-CNCs, and 75.2% ± 1% for CNC-3s. 

Unfortunately, this method does not account for all of the cellulose II present in FPL-CNCs 

since the Segal method needs to be modified to use Iam at 2ɗ = 16Á;200,201,204 however, this 

minimum cannot be separated from the 15.2Á and 17Á peaks from the cellulose Iɓ present 

in the sample. As such, the crystallinity of the FPL-CNCs is probably higher than was 

found by this method. While the two methods provide different values of CrI, the relative 

trend is the same FPL-CNC > CF-CNC å CNC-3. The Segal method was intended as a 

relative measurement so these variations are understandable.  
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Figure 2.5 XRD powder patterns from the three different sources indicating 

cellulose Iɓ for CF-CNCs and CNC-3s and cellulose Iɓ and cellulose II for FPL-

CNCs. Miller indices of the peaks are shown on the graph (CIɓ = Cellulose Iɓð

purple lines; CII  = Cellulose II ï green lines) 

The zeta potential of the CNCs was also measured (Figure 2.6, blue symbols). Zeta 

potential is a measure of the electrical potential at a solid/liquid interface and it is a function 

of the surface charge and surrounding suspension medium. We use it here as an indicator 

of the relative particle surface charge as we maintain a consistent suspension medium (DI 

water), but it is not a specific measure of the surface charge. Based on typical 

characterizations of zeta potential, we consider all zeta potential values lower than ī30 mV 

to be strongly negatively charged (red zone), zeta potential values between ī15 and ī30 

mV to be moderately negatively charged (yellow zone), and zeta potential values between 

0 and ī15 mV to be low to no surface charge (blue zone). We compare samples by zone 

due to high variation in specific zeta potential values, particularly for non-spherical 



50 

particles such as CNCs.207 It was observed that both CF-CNCs and FPL-CNCs had similar, 

highly charged surfaces with zeta potential values of ī37 Ñ 3 mV and ī39 Ñ 3 mV, 

respectively. CNC-3, obtained from the AVAP process, presented with a much lower zeta 

potential value of ī12 Ñ 1 mV, indicating low to no surface charge, as expected from that 

process. 

 

Figure 2.6 Zeta potential values of CNCs (squares are FPL-CNCs, crosses are CF-

CNCs, and circles are CNC-3s), as-received and after post-treatments (blue is as-

received, green is dialyzed, red is Soxhlet extracted, and purple is acetone washed). 

Regions are colored to highlight amount of chargeðblue is low to no charge, yellow 

is moderately charged, and red is highly charged 

It was assumed that the charge on the as-received CNCs was due to the production 

method since sulfuric acid hydrolysis leaves sulfate half ester groups on CNC surfaces as 

shown in Figure 1.4. Conductometric titrations were thus used to determine the amount of 

sulfate ester groups, which could be correlated to the CNC zeta potential values. From 

these titrations, it was found that FPL-CNCs had 292 ± 14 mmol OSO3H/kg CNC and CF-

CNCs had 280 ± 16 mmol OSO3H/kg CNC. Since the CNC-3s were not prepared using 
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sulfuric acid hydrolysis and showed low surface charge from the zeta potential 

measurements, conductometric titrations were not performed on this material. 

2.2.2 Physical Properties of Purified CNCs 

After examining the as-received CNCs, we performed three different post-treatments 

on the materials in order to observe how purifying the different as-received CNC materials 

affected their physical and surface properties. The average size of each of the different 

CNCs did not significantly change after 5 days of dialysis (Figure 2.3, green bars). The 

dialyzed CNC DLS measurements were within error of the as-received material. Dialysis 

removes residual salts and free acid molecules that might have been left over from the 

hydrolysis steps. These salts would cause minor particle aggregation by reducing surface 

charge208 or can be present near the CNC particles, which would increase the observed 

diameter from DLS measurements; however, these results show that this was not 

significant for these materials and the dialysis purification treatment did not have an effect 

on CNC sizes. 

Soxhlet extraction with ethanol, was performed for 48 h on freeze dried samples of 

CNCs in order to remove impurities present on the surface. It has been noted previously 

that extraction with ethanol is able to remove xylobiose, 1,6-anhydroglucose, vanillic acid, 

and 3,4,5-trimethoxyphenol from the surface of CNCs obtained from bleached cotton.192,209 

This results from the slightly alkaline nature of ethanol, which can be used to hydrolyze, 

dissolve, and remove the impurities on CNCs.210 A significantly large reduction in the size 

of CNCs was seen after this purification treatment (Figure 2.3, red bars). The diameter of 

FPL-CNCs after Soxhlet extraction with ethanol was reduced to 73 ± 2 nm as compared to 
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125 ± 6 nm for the as-received material. This could indicate that extraction with a polar 

solvent may enable the removal of some impurities from the surface, which could decrease 

the particle size directly or improve dispersion by removing impurities that cause attractive 

interactions between particles. 

CNC samples were also washed with acetone and a large decrease in the average 

diameter of the CNCs was observed after the acetone-wash treatment (Figure 2.3, purple 

bars). For acetone washed FPL-CNCs, the diameter was 65 ± 18 nm as compared to 125 ± 

6 nm for the as-received material. This indicates that a large amount of organic material on 

the CNC surface was removed by dissolving in acetone, which is a good solvent for many 

organic impurities. Again, removal of impurities may decrease the particle size directly or 

reduce aggregation of the particles, leading to lower measured apparent particle sizes. 

The zeta potential of each type of CNC remained approximately the same before and 

after dialysis (Figure 2.6, green symbols). The zeta potential for dialyzed FPL-CNCs was 

ī36 Ñ 1 mV as compared to the ī37 Ñ 3 mV for as-received, for dialyzed CF-CNCs was 

ī47 Ñ 5 mV as compared to ī39 Ñ 3 mV for as-received and for dialyzed CNC-3s was ī13 

Ñ 1 mV as compared to ī12 Ñ 3 mV for as-received. These results indicate that dialysis 

does not have a strong effect on the surface charge, likely due to most of the charged 

impurities being hydrogen bonded with the CNC surfaces and not being removed from the 

surface through this purification method. 

After Soxhlet extraction (Figure 2.6, red symbols), the FPL material showed a reduced 

zeta potential value of ī23 Ñ 2 mV as compared to the ī39 Ñ 3 mV from the as-received 

material and the CF CNCs also showed a smaller decrease in zeta potential value from ī37 
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Ñ 2.5 to ī28 Ñ 3.5 mV. This indicates that removing some impurities by Soxhlet extraction 

also removed some charged species that were adsorbed onto the surface of the CNCs. For 

the CNC-3s, extraction does not significantly change the surface charge properties and the 

zeta potential value after extraction is ī17 Ñ 2.5 mV, which is within error of the as-

received material at ī12 Ñ 3.5 mV. The lack of effect from ethanol extraction for Soxhlet 

extracted CNC-3s can be attributed to the fact that these CNCs are produced using ethanol 

as the solvent to dissolve the biomass. The material has therefore already been altered by 

ethanol and additional ethanol does not strongly affect it. 

After acetone washing, both FPL-CNCs and CF-CNCs showed a strong decrease in the 

zeta potential (Figure 2.6, purple), with acetone washed FPL-CNCs having a zeta potential 

value of ī13 Ñ 1 mV, and acetone washed CF-CNCs having a zeta potential value of ī18 

± 4 mV, leaving the CF-CNCs and FPL-CNCs slightly charged after the washing. This 

indicates that a significant amount of organic impurities was dissolved and removed by 

acetone, which would account for the reduction in the zeta potential. Similar to the 

extraction process, acetone washing does not significantly alter the CNC-3 surface charges. 

The zeta potential value for acetone washed CNC-3s was ī17 Ñ 3 mV, which is within 

error of the as-received material. 

2.2.3 Surface Modification of CNCs 

The degree to which the CNCs could be oxidized via a TEMPO catalyst mediated 

oxidation was evaluated at 4 h, which is a typical amount of time used for TEMPO 

oxidation and leads to mostly complete oxidation.81 The indication that CNCs were fully 

oxidized was taken as when the pH of the oxidation reaction stopped dropping.49,81 The 
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oxidized CNCs were then characterized using acid-base conductometric titrations to 

determine the degree of oxidation, reported in mmol/g of CNC. This is a common method 

of determining carboxyl content for oxidized CNCs and measures the conductivity of a 

solution as a titrant is added. A plateau in the titration curve corresponds with the amount 

of carboxyl groups.49,72 

When performing a TEMPO oxidation for 4 h and keeping all oxidation conditions 

constant, with a 3-molar oxidant to CNC ratio, it was observed that FPL-CNCs were 

oxidized to 1.54 mmol/g, CF-CNCs were oxidized to 1.36 mmol/g, and CNC-3s were only 

oxidized to 1.05 mmol/g. These are typical values found for cellulose nanomaterials 

produced from wood pulp.52,54 

Each of the post-treated CNCs were also subjected to TEMPO oxidation (Table 2.1) 

and the effect of purification on the amount of oxidation possible was measured. Dialysis 

minimally decreased the degree of oxidation for any of the CNCs, which is as expected 

given the particle size and surface charge results, since removing inorganic residues or salts 

does not significantly change a materialôs ability to react chemically and oxidize. Soxhlet 

extraction, however, decreased the degree of oxidation reached for FPL-CNCs and CF-

CNCs. This is surprising, as one might expect the removal of impurities to improve surface 

modification for typical materials. However, these results indicate that some of the 

oxidation that was observed on the as-received material could be from oxidation of the 

impurities rather than the cellulose molecules. Additionally, it has been suggested 

previously that there could be charged oligosaccharides and carboxylic acid impurities 

adsorbed onto the surface of the CNCs, which are removable by Soxhlet extraction.66,192 

These impurities would artificially increase the degree of oxidation observed and their 
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removal, thus, lowers the degree of oxidation calculated. Similarly, for acetone washing, a 

decrease in the degree of oxidation for CNCs from FPL and CF was observed. Acetone 

would also be successful in dissolving inorganic impurities on the surface of the CNCs, 

which could be driving the degree of oxidation higher. As such, washing in acetone would 

remove these impurities and produce a lower degree of oxidation for just the CNC material. 

This purification treatment leads to a greater uniformity of degree of surface modification 

across commercial sources, with the degree of oxidation of as-received FPL-CNCs and CF-

CNCs being 48% and 27% higher than CNC-3s, respectively, but only being 14% higher 

after acetone washing. 

Table 2.1 Degree of oxidation for CNCs (using 3 moles of NaOCl oxidant per mole 

of cellulose) before and after post treatments 

Post Treatment FPL (mmol/g) CF (mmol/g) CNC-3 (mmol/g) 

None 1.54 ± 0.10 1.36 ± 0.08 1.04 ± 0.07 

Dialysis 1.47 ± 0.10 1.24 ± 0.02 0.98 ± 0.06 

Soxhlet extraction 1.28 ± 0.07 1.09 ± 0.01 1.01 ± 0.04 

Acetone washing 1.14 ± 0.13  1.14 ± 0.01 1.03 ± 0.07 

A lower amount of inherent impurities on the surface of CNC-3s would therefore also 

account for the lower initial degree of oxidation achieved by CNC-3s. Additionally, after 

purification using Soxhlet extraction and acetone washing, the degree of oxidation 

achieved by CNC-3s remained the same as the original material, indicating a lower amount 

of impurities on the surface that could be removed by the solvents. This supports the results 

obtained using zeta potential measurements shown in Figure 2.6. The results in Table 2.1 

show that as-received CNCs obtained from acid hydrolysis (FPL and CF) show a much 

higher degree of oxidation than as-received CNC-3s; however, this is likely due to the 

presence of surface impurities, which inflate the degree of oxidation values. After washing 
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with acetone or Soxhlet extraction with ethanol, FPL-CNCs show the highest degree of 

oxidation indicating the highest amount of surface modification possible. 

2.2.4 Rheological studies of CNC organogels 

Organogels were prepared by mixing TEMPO oxidized CNCs (O-CNCs) with 

octadecylamine (ODA) in the solvent DMSO. The carboxyl groups on the O-CNCs form 

hydrogen bonds with ODA, which is a long chain hydrocarbon terminated by a primary 

amine on one side. In DMSO solvent, these two components are able to coordinate into a 

network and form supramolecular gels. While CHAPTER 3 contains a thorough study of 

CNC organogels, this chapter focuses on the effect of the CNC source and purification on 

the strength of these gels. An optimized gel formulation and mixing procedure was used in 

this chapter, which was determined after the investigation performed in following chapter 

that studied gel preparation parameters as well as mixture component contributions. It was 

determined that a standard gel system with 10 mg/mL O-CNC, 30 mg/mL ODA, a mixing 

order of dissolution of ODA in DMSO followed by addition of O-CNC powder and slow 

cooling to 4  was an optimized gel.  

To confirm that this formulation was indeed the most optimized for all of the CNC 

materials, gels containing 10 mg/mL O-CNC and ranging in ODA concentration from 10-

50 mg/mL were prepared using all three as-received CNC materials. The storage moduli 

of these gels were measured using rheology (Figure 2.7). It was observed that for all three 

sources of CNCs, the 30 mg/mL concentration of ODA (black curves) provided the highest 

Gô value in the plateau region of the storage modulus. As such the 10 mg/mL OCNC and 

30 mg/mL ODA concentrations were used for the remainder of the studies. This data 
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supports the results obtained in Chapter 3 and is in line with the observation that above 30 

mg/mL, the ODA is no longer soluble in DMSO and thus aggregates instead of contributing 

to network formation.  

 

Figure 2.7 Storage modulus as a function of oscillation stress for nanocellulose 

organogels with increasing concentrations of ODA and 10 mg/mL of O-CNC (O-

CNC:ODA mg/mL in legend) for A. FPL -CNC, B. CF-CNC, and C. CNC-3 

In order to compare between the different CNC suppliers, the average of the storage 

modulus plateau was taken as an indication of the gel strength. This value was compared 

for the 10:30 O-CNC:ODA gels and was similar for all three CNCs (~312 MPa), indicating 

that, though our studies showed that CNC-3s have fewer carboxyl groups present on the 

surface, the network formation with ODA is not reduced. Since the ODA is forming 

attachments with the O-CNC carboxyl groups, this result again indicates that the original 

degrees of oxidation achieved by FPL and CF CNCs were probably incorrect and the 

amount of carboxyl groups is not significantly higher than that on CNC-3s.  
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Figure 2.8 Storage (circles) and loss (Xôs) moduli for organogels produced with as-

received CNCs containing 10 mg/mL O-CNC and 30 mg/mL ODA. The crossover 

points are circled in red to indicate the de-gelation point for gels of each type of 

CNC ï navy blue curves are CF-CNCs, pink curves are FPL-CNCs, and green 

curves are CF-CNCs 

The de-gelation point for each of the gels was also determined using rheology. The 

point where the storage (Gô) and loss moduli (Gò) crossover indicates the disruption of the 

gel network. While the strength of the gels were all similar, CNC-3s showed the latest 

disruption in gel network (Figure 2.8). This could be attributed to CNC-3s having fewer 

impurities on the surface of the CNCs, which would enable stronger bonding with ODA 

and delay the de-gelation. 
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Figure 2.9 Averages of the plateau region of the storage modulus for organogels 

produced using as-received (blue), dialyzed (green), Soxhlet extracted with ethanol 

(red), and acetone washed (purple) CNCs from the three different suppliers. 

The effect of purification method on the strength of CNC organogels was studied using 

gels made with the optimized amount of O-CNC and ODA as well (10:30 O-CNC:ODA). 

An average of the plateau of the storage modulus was taken to indicate the gel strength 

(Figure 2.9). The strength of the gels was not significantly affected by dialysis for all three 

types of CNC. For FPL-CNCs and CF-CNCs, extraction with ethanol slightly increased 

the strength of the gel, but not significantly. With acetone washing, the strength of the FPL-

CNC gels increased by a significant amount, indicating that this purification method better 

allowed for hydrogen bond formation between the ODA and the O-CNC. This further 

supports that the degree of oxidation before purification was overestimated since having a 

higher amount of carboxyl groups should have enabled more physical networks with the 

ODA amine groups.  

For CNC-3, the strength of the gels remained relatively similar regardless of the 

purification treatment, which is similar to the results obtained for degree of oxidation. The 
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gels using Soxhlet extracted CNC-3s were slightly weaker but still fell within the error of 

the other CNC-3 materials. Since this type of CNC was found to be free from surface salts 

and did not contain significant other impurities, like the FPL and CF-CNCs, the network 

formation was unaffected by the purification. The acetone washed FPL-CNCs had the 

highest gel strength overall attributed to the removal of impurities enabling better hydrogen 

bonding and a higher degree of oxidation than the CNC-3s.  

 Conclusions 

In this work, we studied the physical and surface properties of CNCs from three 

different commercial suppliers before and after three different post-treatments: dialysis, 

Soxhlet extraction, and acetone washing. We studied the effect of the CNC supplier and 

post-treatment on surface modifications of CNC using the degree of substitution possible 

via TEMPO oxidation as a model reaction. We also investigated the effect of CNC supplier 

and purification on CNC gel formation to determine whether the gel strength and network 

disruption were significantly influenced. We found that dialysis does not significantly 

impact the properties of CNC materials nor affect the surface modification abilities of 

CNCs regardless of the source. The degree of oxidation before and after dialysis remained 

the same for each type of CNC. Soxhlet extraction had a small effect on the physical 

properties, especially the particle size, of acid hydrolyzed CNCs produced by FPL and CF, 

indicating the removal of a few surface impurities, but not on the CNC-3s produced via the 

AVAP process. Washing CNCs with acetone produced the largest impact on the physical 

and surface properties of the CNCs. The sizes of FPL-CNCs and CF-CNCs were 

significantly reduced, as were the measured zeta potentials of the particles. The degree of 

oxidation for CNCs from FPL and CF were also significantly lower, indicating that surface 
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impurities may have been inflating the degree of oxidation calculated for the untreated 

CNCs or the impurities themselves were being oxidized. Overall, it is clear from this work 

that there is significant variation in CNC physical and surface properties for different 

commercial suppliers, but that the surface charges and achievable degree of oxidation can 

be made more uniform across sources by using Soxhlet extraction in ethanol or washing 

with acetone prior to modification. This has important implications for transitioning CNCs 

to commercial products for a wide variety of applications where surface modifications, 

particularly those that rely on a TEMPO-oxidation step, are essential. The investigation 

into CNC gel formation in organic solvents showed that the CNC supplier did not have a 

significant effect on the strength of gels, but the acetone washing purification method 

improved the gel strength for FPL-CNCs. Since gelation is a commonly used technique 

with CNCs, these results indicate that purifying the CNCs via acetone washing before gel 

formation can be a good way to improve gel strength since it enables better hydrogen 

bonding from the surface of CNCs and removes impurities that may obstruct network 

formation.   
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This chapter was adapted from a publication in Journal of Materials Chemistry B. 

Banerjee M., Saraswatula S., Willows L.G., Woods H., Brettmann B., Pharmaceutical 

crystallization in surface-modified nanocellulose organogels. Journal of Materials 

Chemistry B, vol 6, pp. 7317-7328, 2018. 

The primary aim of this research was to develop cellulose nanocrystal gel systems for 

controlling polymorphism during pharmaceutical crystallization. As most newly 

discovered APIs are poorly water soluble, the gel products developed in this chapter were 

based in organic solvents. Surface modified CNCs were used to develop organogels to 

provide a stable support for the nucleation of active pharmaceutical ingredients in a water-

free environment (Figure 3.1).  

 

Figure 3.1 Schematic representation of surface modified nanocellulose organogels 

used for pharmaceutical crystallization 
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CNCs were first modified using a TEMPO mediated oxidation reaction to form 

carboxylated CNCs. These carboxyl groups were then used for hydrogen bonding with 

octadecylamine (ODA), which are long hydrocarbon chains terminated by a primary amine 

on one side, to form supramolecular gels in the DMSO. The goal of this chapter was to 

study the effects of composition and preparation methods on the physical strength of the 

gels. Additionally, three sulfonamide antibiotics, sulfamethoxazole, sulfapyridine, and 

sulfamerazine, were nucleated within the CNC organogels to demonstrate the utility of 

these gels for polymorph selection in pharmaceutical crystallization. These drugs exist in 

many polymorphic and solvate forms, making them excellent model compounds for the 

design of a polymorph-selective crystal engineering system. 

The optimized nanocellulose gels provided a favorable environment for API 

solidification into less stable forms, including the amorphous form (sulfamethoxazole) and 

different polymorphs than as-received (sulfapyridine and sulfamerazine). This chapter 

shows the potential for using CNCs as tunable gel supports for rational design of materials 

for controlling the solid form of APIs. 

 Materials and Methods 

3.1.1 Materials 

CNCs were produced by the Forest Product Laboratory (Lot # 2014-FPL-CNC-064) 

and distributed by the University of Maine Process Development Center. The CNCs were 

obtained as a 11.8% slurry and were freeze-dried prior to use. 2,2,6,6-Tetramethyl-1-

piperidinyloxyl free radical (TEMPO) and sulfapyridine (SP) were obtained from TCI. 

Sulfamethoxazole (SMX) was obtained from MP Biomedicals. ODA, sodium bromide 
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(NaBr), sulfamerazine (SMZ), sodium hypochlorite (NaOCl), and polyethylene imine 

(PEI) were all obtained from Alfa Aesar. 1,8-diaminooctane and ethanol were obtained 

from Acros Organics. DMSO was obtained from Fisher Chemical. All of these were used 

as-received. 

3.1.2 Surface modification ï TEMPO mediated oxidation: 

Oxidation of CNCs was done using the procedure described in section 2.1.4. Briefly, 

about 1 g of freeze dried CNCs were suspended in 150 mL water and stirred for 15 min. 

TEMPO (0.035 mol/mol CNC) and NaBr (0.5 mol/mol CNC) were added and the 

suspension was further stirred for 15 min. NaOCl (0.2-6 mol/mol CNC) containing 11-15% 

active chlorine was added in a dropwise manner to start the oxidation procedure. The pH 

of the mixture was kept between 10.5 and 11.5 with the addition of 0.5 M NaOH. The 

oxidation was deemed complete once the pH of the mixture stopped decreasing and the 

reaction was terminated by adding 5 mL ethanol. Finally, the oxidized nanocellulose (O-

CNC) was dialyzed and freeze-dried to obtain a white powder. 

3.1.3 Degree of oxidation characterization 

3.1.3.1 Fourier transform infrared spectroscopy 

Fourier transform infrared spectroscopy (FTIR) was used to confirm that oxidation had 

occurred. FTIR is useful for identifying chemical bonds within molecules based on their 

infrared absorption. This technique sends infrared radiation through a sample and some of 

it is absorbed based on the chemical bonds present within the sample. The absorbed energy 

is related to the vibrational energy of different bonds, which can be used to obtain a 
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molecular fingerprint of the sample, useful for identifying different functional groups in a 

sample. In this thesis, a Shimadzu FTIR was used with an attenuated total reflectance 

(ATR) sample holder. ATR allows easy measuring of solid and liquid samples directly 

without the need for additional sample preparation. 5-10 mg of sample was placed on the 

ATR crystal and an FTIR spectrum was measured between 400-4000 cm-1. Oxidation 

provides carboxyl groups on the surface of the CNCs, which produces a carbonyl C=O 

peak between 1600-1700 cm-1. Prior to oxidation, no peaks are observed in this range and 

post oxidation, a peak appears at around 1610 cm-1, attributed to the salt form of 

carboxylated CNC.49,81,211   

3.1.3.2 Conductimetric titrations 

The degree of oxidation was quantitatively measured using conductimetric titrations 

based on the procedure described in sections 2.1.3.5 and 2.1.4. Briefly, approximately 50 

mg of the freeze-dried O-CNC was suspended in 50 mL water and stirred. 2 mL of 0.1 M 

HCl was added to the suspension to obtain the carboxylic acid form of O-CNC. This was 

titrated against 0.1 M NaOH and Equation 2.4 was used to calculate the amount of the 

carboxyl group, which corresponds to the degree of oxidation.  

3.1.4 Cellulose nanocrystal organogel formation 

Supramolecular gels were formed by mixing prescribed amounts of O-CNC and ODA 

with DMSO, vortexing for 30 sec and sonicating in a bath at room temperature for 10 min. 

The mixtures were then heated to 70  to disrupt intermolecular interactions and then 

cooled to initiate gelation. A variety of different mixing and cooling conditions were used 

to optimize the gelation and all samples are listed in Appendix Table A1. 



66 

3.1.5 Incorporation of pharmaceuticals: 

The three sulfonamide antibiotics, sulfamethoxazole (SMX), sulfapyridine (SP), and 

sulfamerazine (SMZ) (concentrations ranging from 50-500 mg/mL) were added to the 

mixture in the network formation step after the ODA and O-CNC had been properly 

dissolved and dispersed into DMSO. The mixtures were then heated and cooled similarly 

to the gels without APIs in them.  

In order to run certain characterization tests, the samples (with and without APIs) were 

dried overnight at 60  under vacuum. The recrystallized pharmaceuticals were obtained 

as a mixture of dried powders (O-CNC, ODA, and API). 

3.1.6 Characterization of gel strength 

3.1.6.1 Inversion tests 

Gelation was confirmed using an inversion test, where samples are turned upside-down 

and observed. They are considered to be gels if they remain intact and considered to be 

liquids if they flow under their own weight.100,212 The gels were inverted and shaken at 400 

RPM using a Thermo Fisher Max Q shaker to determine the gel strength. The time required 

for them to degel and flow was measured and used as a quantitative indication of the 

strength of the gel. 

3.1.6.2 Rheology 

Rheology was used to study the strength of the gels as described in Section 2.1.6. These 

studies were performed using a TA Instruments Discovery Hybrid Rheometer 3. In this 



67 

chapter, the strength of the organogels were measuring using stress-sweep experiments. A 

40 mm diameter plate and a 2° cone geometry were used. 2 mL of each gel was analyzed 

at a gap of 53 mm at 25°C. Stress sweep experiments were performed at a frequency of 1 

Hz with the stress ranging from 0.1 to 1000 Pa. 

3.1.7 Pharmaceutical characterization 

3.1.7.1 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) was used to analyze the thermal profiles of 

the pharmaceuticals. This analytical method measures the amount of heat energy needed 

to increase the temperature of a sample in comparison to a reference. An empty reference 

pan and a pan containing the pharmaceutical sample are heated/cooled at the same rate and 

the differences in heat flow as a function of temperature are used to determine phase 

transitions in the material, such as melting and glass transitions. In this chapter, DSC 

studies were performed on a Mettler Toledo DSC 3+. Recovered APIs from the CNC 

organogels and as-received materials were all heated at 10 /min from 40-350 to 

determine the melting temperatures of the APIs. 

3.1.7.2 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) was used to analyze thermal degradation of the 

pharmaceuticals. This method monitors the weight of a sample as heat is applied to it and 

enables the determination of phase transitions and material decomposition. A sample is 

added to a pre-weighed pan and the mass is measured over time as the temperature is 

changed. In this thesis, TGA studies were performed using a Mettler Toledo TGA/DSC 
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3+.  Samples were placed in alumina pans and heated at 10 /min from 25  to 500  in 

a nitrogen atmosphere. 

3.1.7.3 X-ray diffraction 

The basics of XRD were described in section 2.1.3.3. For this chapter, XRD analysis 

was used to determine the crystal structure of the APIs recovered from the CNC 

organogels. Dried gel samples containing APIs were placed on zero-background sample 

holders and scans were performed between 1° - 40° using a 1/16° anti-scatter slit and a 

0.04 radian soller slit. As-received materials were also tested for reference and simulated 

XRD peak patterns for each of the different polymorphs of the drugs were obtained from 

the Cambridge Crystallographic Data Center (CCDC). In this thesis, these simulated 

patterns were used to compare the experimentally recovered drugs to the ideal peak patterns 

for each polymorph. 

3.1.7.4 Optical microscopy 

In this thesis, a LEICA DMi8 microscope was used for optical microscopy to obtain 

images of the APIs recovered from the CNC organogels. Transmission mode, which passes 

light through the sample and into the lens, was used and samples were placed against a 

bright background to create stark contrast and distinguish features more easily. 

3.1.7.5 Drug dissolution studies 

Drug dissolution studies were performed to determine rate and maxium extent of drug 

release. This analysis method measures the amount of drug dissolved into a solution at 

certain time intervals. In the pharmaceutical industry, these measurements are used to 
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determine the release profile of drugs and are important to determine the bioavailability of 

the drug (as shown in Figure 1.12). For most APIs, there are dissolution testing standards 

set forth by the US Pharmacopeia that provide important information such as appropriate 

testing solvent as well as testing conditions, which were taken into account when 

performing the dissolution studies in this thesis. 

In this chapter, dried gel samples containing 8.3 mg API were added to 100 mL of 

0.01M HCl (used to simulate human stomach acid conditions). Aliquots were taken at 

specific time intervals up to 10 hours. These aliquots were analyzed using a Beckman 

Coulter DU 800 UV-Vis Spectrophotometer between 200 and 400 nm.  

UV-Vis spectroscopy measures the amount of light absorbed by a sample, which is 

related to the concentration of the sample. When light is shone onto a sample and is 

absorbed, the molecules in the sample transition from the ground to the excited state. The 

amount of energy needed for this transition is specific to each molecule and this principle 

can be used to quantify the amount of specific molecules in the sample. The absorbance of 

a sample can be directly related to the concentration of the molecule in the sample using 

the Beer-Lambert law shown in Equation 3.1. 

 ὃ ‐ὰὧ Equation 3.1 

 A is the absorbance obtained from the UV-Vis spectrometer, Ů is the absorptivity 

of the sample, l is the path length of the light, and c is the concentration of the molecule. 

Absorptivity is an inherent property of any material and refers to how strongly a lightôs 

intensity is reduced as it travels through a sample. The wavelength of absorption for each 

molecule can be determined using standard solutions. Additionally, a calibration curve 
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using known concentrations of a molecule can be used to determine the absorptivity of a 

material as a function of the concentration, if unknown.  

 In this chapter, the wavelength of absorption for each drug (SMX, SP, or SMZ) and 

calibration curve were measured using standards ranging from 0.006 mg/mL to 0.03 

mg/mL. The dissolution measurements were taken at the wavelength listed in the USP 

standard for SMX and SP and at the wavelength of maximum absorption for SMZ (265 nm 

for SMX, 240 nm for SP, and 255 nm for SMZ)213ï215.   

Physical mixtures were made by combining 30 mg of O-CNC, 90 mg of ODA, and 600 

mg of each API. This was done to determine whether the gelation and gel-phase 

crystallization produced APIs with different dissolution behavior than a physical mixture 

of the same components. These mixtures were ground together with a mortar and pestle 

before performing the same dissolution studies as above. 

 Results   

3.2.1 Nanocellulose Gels 

CNCs were modified using TEMPO oxidation to produce a surface containing carboxyl 

groups (O-CNC). In this study, these were the terminal surface modifications, however 

further functionalization is straightforward with this base surface to work from. Oxidation 

of the CNCs can be confirmed qualitatively using FTIR. Figure 3.2A demonstrates the 

appearance of a strong C=O peak after oxidation at 1600 cm-1. This corresponds to the 

carboxyl group on the O-CNC in its sodium salt form. As the molar ratio of the oxidant 

(NaOCl) to the CNC is increased, there is an increase in the degree of oxidation, seen as 
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an increase in the peak height at 1600 cm-1 as the ratio is increased from 0.2 moles of 

NaOCl per mole of CNC (blue) to 5 moles of NaOCl per mole of CNC (brown). The degree 

of oxidation can also be measured quantitatively using conductimetric titrations. The 

degree of oxidation depends on the molar ratio of the oxidant used and, for CNCs, reaches 

a maximum at approximately 30% conversion of ïOH to ïCOOH groups (Figure 3.2B). 

This limit arises from the accessibility of the OH groups in the CNCs, as only hydroxyls at 

the surface (as opposed to inside the crystal bulk) can be modified by the oxidation 

reaction.81  

 

Figure 3.2 Oxidation of nanocellulose characterized via A. FTIR and  

B. conductimetric titrations. FTIR shows the appearance of the C=O peak at ~1650 

cm-1, which increases with molar ratio of oxidant to CNC. B: Conductometric 

titrations show that the degree of oxidation plateaus around 27% 

Prior to preparing organogels containing APIs, we identified the conditions under 

which nanocellulose organogels form and how the mixing procedures and mixture 

components influence gel formation and stability. Two gel preparation parameters were 

tested, the order of mixing and the cooling method, and three different mixture component 

contributions were examined, the ratio of ODA to O-CNC, the concentration of O-CNC 

and the degree of oxidation of O-CNC. All five were found to impact the formation of the 
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gels and the gel strength, and an optimal procedure and mixture were identified for use 

with APIs. 

At low concentrations of O-CNC (3 mg/mL) and ODA (5 mg/mL), the mixtures did 

not pass the inversion test and, though they appeared gelled at 4, the mixture turned into 

a liquid once it was returned to room temperature. Visible gels formed once the O-CNC 

concentration reached 5 mg/mL and ODA concentrations were at 10 mg/mL. However, 

gelation was only possible once the concentration of ODA was more than twice that of O-

CNC (Figure 3.3B-E versus A). We examined the influence of the ratio of O-CNC to ODA 

across many O-CNC concentrations and found that, at a 1:1 ratio of O-CNC to ODA, no 

gelation was observed regardless of the concentration of each component. However, once 

the ODA concentration is at least double that of O-CNC, gelation was observed at as low 

as 5 mg/mL O-CNC. The gels continue to form as ODA is added beyond the 2:1 ratio 

(increasing the ratio of ODA to O-CNC), but decreases again once the concentration of 

ODA in the mixture exceeds the solubility of ODA in DMSO (32 mg/mL), thus a 3:1 

ODA:O-CNC ratio was selected as an optimal ratio for studies with the APIs. 
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Figure 3.3 Nanocellulose organogels with 10 mg/mL O-CNC and increasing 

concentrations of ODA (A. 10 mg/mL, B. 20 mg/mL, C. 30 mg/mL, D. 40 mg/mL, E. 

50 mg/mL). Samples have been inverted to determine which ones formed gels. 

An initial observation of the gel strength can be performed using simple shaking tests, 

where the strength of the gel is correlated to the de-gelling under disruptive forces. The 

gels are shaken at 450 RPM and the time at which the gel becomes a liquid and flows from 

the top of the vial is taken as the degelling time (Appendix A ï Figure A.1 Nanocellulose 

organogels with 10 mg/mL O-CNC and increasing concentrations of ODA after shaking at 

450 rpm for 6 min. (A. 20 mg/mL, B. 30 mg/mL, C. 40 mg/mL, D. 50 mg/mL) and 

organogels with 10 mg/mL O-CNC and increasing concentrations of ODA after shaking at 

450 rpm for 15 min. (E. 20 mg/mL, F. 30 mg/mL, G. 40 mg/mL, H. 50 mg/mL)Figure A.). 

The gel strength can be more precisely examined using rheology, where the strength of 

the gel is determined from the flat plateau of the storage modulus (Gô) (Figure 3.4). A 

higher Gô value in the plateau region indicates a stronger gel. As the amount of ODA in 

the sample was increased from 10 mg/mL to 50 mg/mL, there was first an increase in the 

gel strength followed by a decrease at 50 mg/mL. From 10 mg/mL to 40 mg/mL the 

increase in gel strength is as expected due to the increase in the amount of crosslinking 

agent, ODA, which leads to additional physical associations between nanocellulose 
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particles. The ODA adsorbs at one end onto the nanocellulose surface through interactions 

of the ODA amine groups with the O-CNC carboxyl groups. The ODA hydrocarbon tails 

interact via solvophobic interactions and drive formation of a stiff gel. At the highest ODA 

concentration, the gel strength decreases, likely due to undissolved, aggregated ODA 

disrupting the network. These rheological tests provide a precise view of the gel strength 

and differentiation between the different samples and the results are consistent with the 

simple shaking tests (Appendix A ï Figure A.). While there is a significant difference when 

increasing from 10 mg/mL ODA to 30 mg/mL ODA, the additional strength when 

increasing to 40 mg/mL is very minimal, so we select a ratio of 3:1 ODA:O-CNC by weight 

(10 mg/mL O-CNC and 30 mg/mL ODA)) as the optimal ratio for the gels. 

 

Figure 3.4 Storage modulus as a function of oscillation stress for nanocellulose 

organogels with increasing concentrations of ODA and 10 mg/mL of O-CNC (O-

CNC:ODA mg/mL in legend) 

In addition to the ratio of ODA to O-CNC and amount of ODA in the gels, the 

concentration of O-CNCs dispersed in DMSO influences the gel strength (Figure 3.5). At 

low concentrations of O-CNC, the gels are weak and they strengthen at higher O-CNC 
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concentrations. A maximum dispersion of O-CNC in DMSO is observed around 50 

mg/mL, at which point the O-CNCs aggregate and settle and are no longer part of the 

suspension where gelation occurs. While keeping a 3:1 ratio of ODA to O-CNC, identified 

as sufficient for gelation as discussed above, the amount of O-CNC was increased and an 

increase in gel strength was seen until 30 mg/mL O-CNC. Upon shaking gels with these 

same concentrations, a similar pattern was observed (Appendix A ï Figure A.2). 

 

Figure 3.5 Storage modulus as a function of oscillation stress for increasing O-CNC 

concentration and constant ODA to O-CNC ratio of 3:1. (Amount of O-CNC 

(mg/mL) is indicated in the legend) 

The degree of oxidation of the nanocellulose was also found to be an important factor 

in the strength of the gels. This is due to the number of carboxylate groups that are available 

for network formation as the ODA is added. Only shaking tests were performed to compare 

the degree of oxidation since these provided sufficiently consistent data and agreement 

with the rheological studies. At a low degree of oxidation (0.15), the gelation was disrupted 

three times earlier upon shaking than with a degree of oxidation of 0.30 (Appendix A ï 

Figure A.3 and Figure A.4). While all the gels made with O-CNC with a degree of 
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oxidation of 0.15 degelled by 4 min, the gels containing O-CNC with a degree of oxidation 

of 0.30 remained gelled for up to 15 min for the 3:1 ratio.     

The complexity of the multicomponent system means that the order of mixing may also 

be important to gel formation. There are three potential methods: 1) dispersion of O-CNCs 

in DMSO followed by addition of ODA powder, 2) dissolution of ODA in DMSO followed 

by addition of O-CNC powder, and 3) dissolution of ODA in DMSO and dispersion of O-

CNC in DMSO followed by mixing of the two solutions. Due to ODAôs low solubility in 

room temperature DMSO, it is difficult to dissolve after O-CNCs are in solution, so method 

(1) resulted in insoluble ODA and poor gels. O-CNCs disperse well in DMSO whether 

ODA is present or not, so method (2) produced good gels. This method also enabled ODA 

to interact with the O-CNCs as they were being wet by the DMSO, increasing the area of 

interaction and improving gel strength. Method (3) showed similar results to (2), so method 

(2) was chosen as the main mixing technique. 

Finally, the gel formation is also sensitive to heating and cooling conditions. For all 

samples, the mixtures were heated to 70C̄ to disrupt the initial hydrogen bonds and 

promote homogeneous mixing. They were vortexed for 15 sec and then subjected to 

cooling to room temperature or below. Rapid cooling via quenching in an ice bath, did not 

result in formation of strong gels. This is because the structure was frozen into place 

without leaving flexibility for the ODA chains to arrange and form networks. The freezing 

point of DMSO is 19̄C, so cooling to ice bath temperatures freezes the entire structure. A 

slower cool to 4̄C in a refrigerator produces strong gels that remain gelled at room 

temperature. Though this also results in frozen DMSO during gelling, the speed of cooling 
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is slower and ODA is able to rearrange and form networks prior to DMSO freezing. While 

it avoids the DMSO freezing complication, cooling directly to room temperature is too 

slow and results in aggregation of O-CNCs and settling of the particle aggregates. In 

comparing the 3:1 ODA:O-CNC for each of the three cooling procedures, the slow cooled 

gel de-gelled the fastest at 2 min followed by the quenched gel at 10 min, and the 

refrigerated gel stayed gelled the longest and was disrupted after 15 min of shaking. The 

gel formation, though enhanced by DMSO freezing, is not solely caused by the freezing of 

the solvent. Gel formation did not occur for O-CNC without ODA or for O-CNC with other 

amines, such as diaminooctane and polyethyleneimine (Appendix A ï Figure A.5 and 

Figure A.6). The DMSO acts as a gelation promotor for the O-CNC/ODA network, but is 

not the sole contributor to gel formation. Thus, cooling slowly to 4  is the optimal process 

for forming O-CNC gels in DMSO. 

Following these studies on nanocellulose organogel formation, we determined that a 

standard gel system with a degree of oxidation of 0.30, 10 mg/mL O-CNC, 30 mg/mL 

ODA, a mixing order of dissolution of ODA in DMSO followed by addition of O-CNC 

powder and slow cooling to 4 is an appropriate starting system for incorporation of APIs 

into the gels. A summary of the parameters in presented in Table 3.1. 

. 
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Table 3.1 Summary of factors affecting CNC organogel strength, the effect it has on 

the gel, and the optimized amount for each factor that is used for the investigation 

involving incorporation of APIs into the gels  

Factor tested Effects Optimized 

Degree of CNC oxidation Stronger gel with increase 30% 

ODA to O-CNC ratio 
Stronger gel upto ODA 

solubility limit 
3:1 

O-CNC amount Stronger gel with increase 10 mg/mL 

Mixing order 
Stronger gel with better 

ODA dissolution in DMSO 
ODA Ą O-CNC 

Cooling method 

Allow for ODA chain 

rearrangement w/o O-CNC 

aggregation 

Cool at 4oC in fridge 

3.2.2 Incorporation of APIs into nanocellulose gels  

APIs, in concentrations ranging from 50-500 mg/mL, were incorporated into the 

nanocellulose organogels by dissolving them in the DMSO, O-CNC, and ODA mixture, 

heating to 70  to thoroughly mix the materials, and cooling via the same procedure as for 

the nanocellulose gels without APIs. The gels were then returned to room temperature for 

observation. The APIs incorporated into the nanocellulose gels were dried and 

characterized using DSC and XRD.  

When APIs are incorporated into the gels, they show diverse effects on the gel strength 

(Figure 3.6). Rheological studies of API loaded gels indicate that inclusion of API disrupts 

network formation and decreases the gel strength as seen by a decrease in the storage 

moduli in the plateau region for SP (yellow triangles) and SMX (green diamonds) in 

comparison to the gel without any loaded drug (purple circles). This weakening of the gel 

was also observed in shaking tests performed on the API incorporated gels (Appendix A ï

Figure A.7), where SP degels the fastest at 2 min and SMX behaves similarly to the drug 
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free gels, breaking after 10 min of shaking. This is likely due to API crystals collecting in 

the solvophobic chains of the ODA, causing a disruption in the network. For the case of 

SMX, as higher amounts of API were added, the degelation time in the shaking tests was 

also faster (Appendix A - Figure A.8), which is not the case for the drug-free gels, 

indicating that, similar to SP, SMX also disrupts the gel network, but requires higher 

concentrations. The SMZ, however, strengthens the network (Figure 3.6, blue squares) and 

the gel does not break until 20 min of shaking (Appendix A ï Figure A.7. D, H). This is 

likely due to favorable interactions between the drug and the cross-linker molecules of 

ODA, resulting in a stiffer gel.  

 

Figure 3.6 Storage modulus as a function of oscillation stress of gels containing 10 

mg/mL O-CNC, 30 mg/mL ODA, and 200 mg/mL of SMZ (blue squares), SMX 

(green diamonds), and SP (yellow triangles); purple contains no API 

3.2.2.1 Sulfamethoxazole (SMX) solid form 
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Figure 3.7A. DSC thermograms and B. XRD powder patterns of O-CNCs (pink), 

ODA (red), as-received SMX (green), and SMX from dried gels (blue)  

The as-received SMX showed a melting peak onset at 168 , in agreement with the 

literature of SMX form I and IV, which melt at 170  (Figure 3.7A).10,216 There is an 

exotherm observed starting at 230  with a peak at 273  for as-received SMX, which 

arises due to the oxidation of the byproducts resulting from heating SMX. This was 

confirmed using thermogravimetric analysis (TGA) shown in Figure 3.8, green curve.216 

SMX recovered from the dried gel did not show a melting peak, indicating that the API in 

the gel was not in a crystalline form (Figure 3.7A, blue curve). There is a small endotherm 

at 55 , which corresponds to melting of the ODA. The degradation exotherm of the SMX 

at 272  is still present, however, indicating that the API is still present in the material, 

likely in its amorphous form. The only other component within the gels is the O-CNC, 

which shows decomposition peaks between 220 and 280  that are insignificant compared 

to those from the SMX.  
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Figure 3.8. TGA of as-received SMX (green) showing decomposition starting at 

225  and additional degradation occurring at 273  and the SMX DMSO solvate 

(red) with decomposition starting at 106.5 

XRD was performed on each individual component of the gel, the commercially 

available APIs, as well as on the dried gels to determine the crystal structure of each and 

note any major changes in the crystal structure of the API polymorphs. The resulting 

powder patterns are shown in Figure 3.7B. The XRD data for the dried gel was missing a 

bulk of the major peaks seen on the as-received SMX, especially obvious between 9o and 

21o. Peaks were seen from ODA at 21.9o and O-CNC at 27.7o and 32o and only minor peaks 

were seen outside of those regions, indicating that the API was primarily amorphous in the 

dried gel. The recovered API powder pattern was further analyzed against the simulated 

XRD powder patterns available for all the different polymorphs of the SMX, obtained from 

the Cambridge Crystallography Data Centre (CCDC) (Figure 3.9). In comparing the other 

polymorphs to the dried gel containing SMX, none of them showed significant similarities 

to the minor peaks at low 2-theta for the SMX in the gels (Figure 3.7B, blue curve), further 

indicating that the API within the gel was primarily amorphous. 



82 

 

Figure 3.9 Powder XRD Patterns of A. as-received SMX, C. polymorph I or II 

(SLFNMB04), C. polymorph III (SLFNMB05), D. polymorph IV (SLFNMB06) and 

E. recovered SMX from gel 

The SMX obtained from the gel was also compared with SMX crystallized from DMSO 

as well as SMX crystallized from an ODA-DMSO mixture. SMX forms a solvate with 

DMSO as noted by the appearance of a peak in the DSC (Figure 3.10A) at 104 , relating 

to the desolvation temperature. A melting peak is no longer observed since the solvate 

starts degrading immediately after, as seen in the TGA curve (Figure 3.8, red curve) where 

mass loss is seen starting at 106.5 . The SMX obtained from the ODA-DMSO mixture 

does not show a distinct melting peak. Instead, there is a broad peak, which could be due 

to some interactions between the ODA and the SMX. The XRD patterns for these (Figure 

3.10B) show a number of peaks for both of these SMX samples. The peaks from these line 

up very closely, indicating that the SMX from the ODA-DMSO mixture and the SMX from 

DMSO are both similar in crystal structure. Importantly, the form of the SMX crystallized 

in DMSO and ODA-DMSO is different from that crystallized from the nanocellulose gels, 

which was primarily amorphous.  
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Figure 3.10A. DSC Thermograms and B. XRD powder patterns for SMX obtained 

from OCNC-ODA gels (blue), as-received SMX from MP Biomedicals (green) 

obtained from the ODA-DMSO mixture (black), and obtained from a 

supersaturated DMSO solution (red) 

 

3.2.2.2 Sulfapyridine (SP) solid form 

 

Figure 3.11A. DSC thermograms and B. XRD powder patterns of O-CNCs (pink), 

ODA (red), as-received SP (green), and SP recovered from dried gel (blue) 

SP was similarly added to the organogels in concentrations ranging from 50 mg/mL to 

300 mg/mL. The recovered SP from the dried gel showed a similar melting temperature to 

the as-received with an onset for the melting peak at 186  (Figure 3.11A). There is a 

second small endotherm in the API recovered from the gel at 80 , but this is attributed to 

the ODA since there is a mixture of ODA, O-CNC, and SP present upon drying. This 
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melting temperature points to the API being in form I, which is the stable polymorph at 

room temperature. It has been noted that most other forms (II, III, IV, and V) all slowly 

change to phase I when left at room temperature. The melting points for the other forms 

are 181 , 179 , 174, 176  and 167 for forms II, III, and IV, V, and VI 

respectively.217,218 Many of these are so close that it is difficult to distinguish, so further 

analysis via XRD was critical. 

 

Figure 3.12 Powder XRD Patterns for SP A. polymorph II (BEWKUJ11), B. 

polymorph III (BEWKUJ), C. polymorph IV (BEWKUJ05), D. polymorph V 

(BBEWKUJ13) and E. recovered SP from gel, F. SP from ODA-DMSO mixture, G. 

SP from DMSO 

XRD analysis for SP does not fully agree with the observation that the polymorph is 

the same as as-received, form I. The recovered SP in the dried gel is compared to the as-

received SP in Figure 3.11B. The peaks present in the as-received SP, which correspond to 

form I based on DSC analysis, are also present in the dried gel, as are the peaks 

corresponding to ODA and O-CNC. However, there are significantly more peaks than can 
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be accounted for by these three components. The powder pattern for the SP from the dried 

gel was also compared to the powder XRD patterns of the various forms of SP obtained 

from the CCDC and it was noted that the product was in fact a combination of the various 

polymorphs (Figure 3.12). The recovered API appears to be a mixture of polymorphs I, III 

and V since most of the peaks line up with these forms. By performing crystallization in a 

confined gel with sites for heterogeneous nucleation, we get a mixture of polymorphs, 

rather than only the most stable polymorph I. Further refinement of the nanocellulose 

surface and gel environment may allow more precise tuning of the polymorph.  

 

Figure 3.13A. DSC Thermograms and B. XRD powder patterns for SP obtained 

from OCNC-ODA gels (blue), as-received SP (green) obtained from the ODA-

DMSO mixture (black), and obtained from a supersaturated DMSO solution (red) 

SP was also crystallized out of DMSO and an ODA-DMSO mixture. Out of DMSO, 

SP was obtained as a solvate with an onset for the desolvation peak at 98.7  (Figure 

3.13A). The sample starts to degrade after desolvation at 100.4 , as observed in the TGA 

analysis (Figure 3.14) and therefore does not show a melting peak. The melting peak of the 

SP from the ODA-DMSO mixture has an onset at 181.6 , which is close to the 

temperatures for the as-received SP. The XRD data for these SP samples are shown in 

Figure 3.12 and Figure 3.13B. From the powder patterns, we see that the SP crystallized 
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from DMSO solvate is most closely related to polymorph II and shows some similarities 

to the as-received SP, while the SP from the ODA-DMSO mixture is mostly polymorph 

III. As with the SMX, neither of these are the same mixture of forms as the SP crystallized 

from the gel. 

 

Figure 3.14 TGA of SP solvate showing decomposition starting at 100.4  and 

additional degradation at 252.9 

3.2.2.3 Sulfamerazine (SMZ) solid form 

SMZ was added to the organogels during the network formation step. The DSC 

thermogram of the as-received SMZ from Alfa Aesar (Figure 3.15A, green curve) showed 

a melting peak at 234 , which is attributed to polymorph I of SMZ, which has a melting 

peak at 237 .129,219 The recovered SMZ in the dried gel showed two peaks, one from the 

ODA melting at 83  and another melting peak at 226 , which could be from the melting 

of a mixture of polymorphs I and II of SMZ (Figure 3.15A, blue curve), as form II is known 

to melt at 228̄C.219 Form II has a tendency to transform to form I on heating, which 

typically presents as an endotherm with an onset at between 160-180 ,185,220 and is 

missing from both the as-received and the recovered SMZ. This could indicate the 
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existence of polymorph II in a stable form at higher temperatures. Due to the melting points 

being close together, further analysis is necessary using XRD powder patterns. 

 

Figure 3.15A. DSC thermograms and B. XRD powder patterns of O-CNCs (pink), 

ODA (red), as-received SMZ (green), SMZ recovered from dried gels (blue) 

The as-received SMZ was confirmed to be polymorph I using the powder patterns 

(Figure 3.16). The recovered SMZ from the gel, however, did not fully match the powder 

pattern for the as-received SMZ (Figure 3.15B). It, instead, appears to be a combination of 

multiple polymorphs. Strong peaks at approximately 15.5 ̄ and 19̄ correspond to 

polymorph II and are not present in the as-received material, while a strong peak at 

approximately 14.8̄ corresponds to polymorph I and is also present in the as-received 

material. Interestingly, the strong peak at approximately 19.5 ̄is only predicted to occur 

for form P 21/c and is also clearly present in the dried gel containing SMZ. We did not 

analyze the API peaks in the region of 20-25̄  due to significant overlap with the ODA 

peaks. From these results, we can conclude that the SMZ in the dried gel is not uniformly 

the same polymorph as the starting material, and instead is a mixture of multiple 

polymorphs, including polymorphs I and II and potentially also P 21/c.  
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Figure 3.16 Powder XRD Patterns for SMZ A. as-received SMZ, B. polymorph I 

(SLFNMA04), C. polymorph II (SLFNMA01), D. polymorph P 21/c (SLFNMA03) E. 

recovered SMZ from gel 

SMZ was also crystallized from DMSO and a mixture of ODA and DMSO. DSC 

thermograms (Figure 3.17A) show that SMZ from DMSO has a melting peak with an onset 

temperature of 228.2 . Though this is slightly lower than the onset for the as-received 

SMZ, the XRD powder pattern (Figure 3.17B) matches the as-received almost exactly, 

indicating that the DMSO-crystallized SMZ is the same polymorph as the as-received 

SMZ. XRD data shows that the SMZ obtained from the ODA-DMSO mixture was in 

almost the same crystal structure as SMZ from the gel. The DSC showed that the onset 

temperature for the melting peak of this SMZ sample was at 227.8 . This sample also did 

not show any polymorph transition peaks, indicating that it was very similar to the SMZ 

from the gel.  
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Figure 3.17A. DSC thermograms and B. XRD powder patterns for SMZ obtained 

from OCNC-ODA gels (blue), as-received SMZ (green), obtained from the ODA-

DMSO mixture (black), and obtained from a supersaturated DMSO solution (red) 

While the polymorph was similar, the shape of the crystals showed distinct differences. 

SMZ from the ODA-DMSO mixture nucleated as needle-shaped crystals ranging between 

30-100 µm in size (Figure 3.18A). The SMZ crystallized from the gel had a much lower 

aspect ratio (Figure 3.18B), potentially due to confinement effects from crystallization 

within the gel.  

 

Figure 3.18 Optical microscopy images of A. SMZ crystallized from the dried ODA-

DMSO mixture, and B. SMZ crystals recovered from the dried gel 

3.2.2.4 Dissolution testing 

Dissolution testing was performed on the gels prepared in this work for SMX, SP and 

SMZ and the dissolution rates and extent of dissolution were compared to as-received 



90 

powder and a physical mixture of API, O-CNCs and ODA (Figure 3.19). Since the API 

form is different in the gels than the as-received powder, the dissolution rates are expected 

to be different, particularly for SMX, which is in the amorphous form, known to be less 

thermodynamically stable. For SMX, the dissolution rate for the drug from the gels is more 

gradual but ultimately ends up at the same amount as the as-received API and the physical 

mixture (Figure 3.19A). This points to a sustained release of the recovered API, likely due 

to particle stabilization by the ODA molecules. In water, ODA acts as a surfactant, 

adsorbing to the surface of the API particles and stabilizing their dispersion in water, 

slowing down dissolution.221,222 

For SP, the maximum amount dissolved for the API recovered from the gel was much 

lower than the as-received and the physical mixture (Figure 3.19B). This indicates that 

ODA interacts more strongly with the SP molecules causing a higher level of physical 

entrapment and reducing the overall dissolution. This result correlates with the decrease in 

the gel network strength when SP is incorporated into the system (Figure 3.6), as the ODA 

closely interacts with the SP and the O-CNCs no longer remain cross-linked.  

The SMZ release initially occurs as a small burst but then slows down and is much 

more gradual between 100-600 min (Figure 3.19C). It reaches the same level of dissolution 

as the as-received and the physical mixture but takes almost double the amount of time. 

This is again likely due to encapsulation by the ODA causing the drug dissolution in HCl 

to slow down.223 Extended release of this sort presents several advantages for certain 

applications such as increased drug residence within the body, allowing for increased 

uptake and increased stability.224,225 The difference between the physical mixture and gels 

is likely due to the ODA being in intimate contact with the API in the gels, as opposed to 
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present as large particles that must first themselves dissolve in water before acting as a 

surfactant for the physical mixture.  

 

Figure 3.19 Dissolution of A. SMX, B. SP, and C. SMZ from physical mixtures (red), 

as-received powder (blue), and drug recovered from gel (yellow). Error bars were 

obtained from the standard deviation of 3 trials. 

 Discussion 

In this work, we have shown that organogels based on surface modified nanocellulose 

can be utilized to promote crystallization of APIs in different polymorphs than the most 

stable or to prevent crystallization. Nanocellulose modified through oxidation can be 

further mixed with gelation agents, such as ODA, to develop organogels by creating 

physical networks in organic solvents. This is a relatively new development in 

nanocellulosic materials, as a majority of studies on gels are focused on hydrogels. Here, 

we focused on oxidizing nanocellulose and using an amine-based surfactant as the gelation 

agent to perform crystallization in DMSO. The optimization of the O-CNC/ODA 

organogels was done by tuning several contributing factors, including changing the 

concentrations of O-CNC and ODA, changing the ratio of ODA to O-CNC, and varying 

the mixing and cooling conditions for the gels. Optimized conditions for gel formation 

were found to be a degree of oxidation of 0.30, 10 mg/mL O-CNC, 30 mg/mL ODA, a 

mixing order of dissolution of ODA in DMSO followed by addition of O-CNC powder and 



92 

slow cooling to 4 . Though the focus was on this particular material system, the 

nanocellulose surface can be modified using many other functional groups and one can 

build upon these results to design a platform for organogel formation in a variety of 

solvents and with many different functionalities. 

APIs are introduced into the gel components prior to heating and cooling for gel 

formation, and they are expected to incorporate into the solvophobic part of the network. 

Upon recovery from the gels, it was seen that SMX was produced in an amorphous form. 

SP, which was received in form I, was crystallized as a mixture of forms I, III and V, and 

SMZ was received as form I but recovered as a mixture of polymorph I and II and 

potentially some transitions to form P 21/c. The API polymorphs from the gels are also 

different than those of the drugs crystallized from DMSO and a mixture of ODA-DMSO 

for SMX and SP, while, though the same polymorph, the crystal shape is different for SMZ. 

This indicates that the gel phase recrystallization has a significant effect on the structure of 

the recovered APIs.  

An interesting observation from this study is the occurrence of polymorph mixtures for 

the two APIs that crystallized in the gels. This indicates the presence of multiple 

crystallization environments for the different polymorphs to form, which could be 

homogeneous crystallization in the bulk and heterogeneous crystallization in the gels or 

different regions in the gels themselves. As nanocellulose is a natural material extracted 

from wood sources, heterogeneities are common and these could be contributing to the 

formation of different zones in the gels. Further in-depth analysis of nanocellulose sources 

will provide greater insight into this phenomenon. 
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Dissolution testing illuminated the success in developing a sustained release system for 

two of the APIs, SMX and SMZ. It was found that these APIs from the gels dissolved more 

slowly but reached the same overall dissolution amount. This is likely due to the presence 

of well-dispersed ODA, which acts as a surfactant that can stabilize the highly hydrophobic 

API particles. This nanocellulose organogel system can thus be used to control the release 

of APIs to create a more uniform dissolution profile, resulting in a higher overall absorption 

of the drug. For SP, dissolution testing presented a challenge in the selection of gelation or 

crosslinking agents since SP dissolved to a lesser extent than the as-received powder and a 

physical mixture of API, O-CNC and ODA. Selection of crosslinking agents thus appears 

to be an important parameter for moving forward with these materials for drug delivery 

applications, and approaches such as chemically attaching the crosslinking agent to the 

nanocellulose will be explored to overcome this limitation. 

 Conclusions 

This study showed that it is possible to change the polymorph of pharmaceutical 

crystals through crystallization in a surface-modified nanocellulose gel. This is a 

particularly exciting demonstration of using natural materials that are readily surface 

modified to form a tailored environment for drug crystallization. Building off this platform, 

the nanocellulose surface and gelation agents can be rationally designed to provide 

environments to specifically drive formation of chosen polymorphs in a variety of organic 

solvents. This provides a promising first step in a new technology for production of 

pharmaceutical crystal forms with more sustained release profiles, resulting in higher drug 

uptake into the body. 
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This chapter was adapted from a publication in Pharmaceutics. 

Banerjee, M., Brettmann, B. Stabilization of Metastable Indomethacin Ŭ in Cellulose 

Nanocrystal Aerogel Scaffolds. Pharmaceutics, vol 13, issue 4, pp. 441, 2021. 

Stabilizing metastable polymorphs of drugs is an important consideration for the 

pharmaceutical industry and can be achieved using surface templating to form 

intermolecular bonds between a drug crystal and a surface. In this chapter we formed 

cellulose nanocrystal aerogels to use as scaffolds for crystallizing and stabilizing the 

metastable Ŭ-form of indomethacin (IM). Using cellulose nanocrystal surfaces to stabilize 

drug crystals is a novel approach to rational design for polymorph control. The surface 

chemistry of the cellulose can be used to attract specific functional groups within a drug 

crystal. For indomethacin, the metastable Ŭ-form is more reactive and crystal structure of 

this form can be targeted to form hydrogen bonds with the hydroxyl groups on CNC 

surfaces.  

IM is a small molecule active pharmaceutical ingredient (API) that exhibits 

polymorphism with the ɔ-form being the most thermodynamically stable form of the drug. 

The Ŭ-form is metastable but exhibits higher dissolution activity, making it a more 

attractive form for drug delivery.226,227 As with other metastable polymorphs, Ŭ-IM 

undergoes interconversion to the stable form when subjected to certain stimuli, such as 

solvent, heat, pH, or exposure to seed crystals of the stable form.226 Our approach to 

crystallizing and stabilizing the metastable Ŭ-IM involves nucleating these crystals within 
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a CNC aerogel that would provide sufficient hydroxyl groups for hydrogen bonding with 

the drug molecules. These bonds along with the porous structure of the CNC aerogels can 

help in protecting the Ŭ-IM crystals against interconversion when exposed to external 

stimuli. A shift to aerogels from organogels was made to remove the solvent consideration, 

which has an impact on bulk crystallization and could be one of the reasons we obtained 

polymorph mixtures in our organogel studies in CHAPTER 3. Celluforce CNCs were used 

for this chapter since it was determined to only have one crystal structure of cellulose 

(unlike the FPL-CNCs), another important factor that an affect polymorphism. 

In this study, IM was crystallized into cellulose nanocrystal aerogel scaffolds as a 

mixture of the two polymorphic forms, Ŭ-IM and ɔ-IM. Crystal data and physical properties 

of these two polymorphs of IM are present in Table 4.1.228,229 Differential scanning 

calorimetry (DSC) and Raman spectrometry were used to quantitatively determine the 

amount of each form. Our investigation also determined that the metastable Ŭ-IM could be 

stabilized within the aerogel without phase transformation even in the presence of external 

stimuli, including heat and ɔ-IM seed crystals, which are otherwise sufficient to induce 

interconversion.  
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 Table 4.1 Crystal data and physical properties of the Ŭ and ɔ polymorphs of 

indomethacin 

 

A preliminary look into the dissolution profile of the IM within the aerogel versus the 

commercially available ɔ-IM showed that the metastable form of the drug was indeed able 

to dissolve faster indicating that CNC aerogels are a promising system for crystallizing and 

stabilizing metastable drug forms. While IM was used as a model drug in this study, these 

results could be expanded to additional drugs and provide access to other metastable API 

forms as well. This chapter therefore has important implications for the production of 

metastable forms of APIs. 

  

IM 

polymorphic 

form 

Melting 

temperature 

Space 

group 
Unit cell dimensions Z, Zô  

Solubility in 

water at 25 

°C 

Ŭ 152-154 °C P21 

a = 5.4616 ± 0.0016 Å 

b= 25.31 ± 0.009 Å 

c = 18.152 ± 0.007 Å 

Ŭ = 90° 

ɓ = 94.38 ± 0.03° 

ɔ = 90° 

6, 3 
0.8 ± 0.01 

mg/mL 

ɔ 160-161 °C Pρ 

a = 0.295 ± 0.002 Å 

b= 10.969 ± 0.001 Å 

c = 9.742 ± 0.001 Å 

Ŭ = 69.38 ± 0.01° 

ɓ = 110.79 ± 0.01° 

ɔ = 92.78 ± 0.01° 

2, 1 0.4 mg/mL 
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 Materials and Methods 

4.1.1 Materials 

Indomethacin (ɔ-form) and acetone were purchased from Acros Organics. Ethanol was 

purchased from Decon Labs. Cellulose nanocrystals were obtained from Celluforce as a 

spray dried powder (Lot # 2015-009).  

Indomethacin Ŭ-form was prepared as described in various previous studies229,230 by 

first dissolving ɔ-IM in ethanol followed by adding deionized water to precipitate the Ŭ-

IM form. The obtained Ŭ-IM crystals were vacuum filtered out of the solution and dried 

under vacuum at room temperature and will be denoted Ŭ-IM in the paper.  

CNCs were washed with acetone in order to purify and improve the reproducibility of 

the materials, as described in CHAPTER 2. Briefly, CNC powder was suspended in 

acetone and stirred for 10 minutes. The dispersion was then centrifuged at 10,000 RPM 

for 10 minutes using an Eppendorf centrifuge. The supernatant was removed, and the 

wash-centrifuge cycle was repeated twice more. The purified CNCs were left to dry in air 

overnight. 

4.1.2 Cellulose nanocrystal aerogel formation 

CNC aerogels were made by freeze drying 1% CNC suspensions. First 1 wt% CNC 

suspensions in water were probe sonicated to fully disperse the material. 5 mL samples of 

the suspension were then placed into a silicone tray and the tray was put into a -80 °C 

freezer overnight. The frozen material was then freeze dried using a FreeZone 2.5 L freeze 

dryer. The aerogels were hexagonal prisms with an average density of 0.0124 mg/mm3 
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based on their size and mass. Images of the aerogels have been included in the results 

section (Figure 4.1A, B). 

4.1.3 Crystallization of indomethacin within aerogels 

Crystallization within CNC aerogels was obtained by drop casting IM solutions into 

CNC aerogels. First, a 30 mg/mL solution of ɔ-IM in ethanol was heated to 50 °C to fully 

dissolve the material. 1 mL of this solution was cast into CNC aerogels that were held 

within the silicone tray to prevent liquid from leaking out. The aerogels containing the IM 

solution were then placed in a fridge at 10 °C to induce crystallization. Finally, the silicone 

tray was placed and stored under vacuum overnight to dry off any excess ethanol. These 

samples are called IM-aerogel in the paper.  

4.1.4 Indomethacin stability testing 

Ŭ-IM samples were tested for stability in two ways. One was stability against 

interconversion in the presence of ɔ-IM seeds and the second was a stability under heated 

conditions. To test against seeding, 30 mg Ŭ-IM powder and IM-aerogel (containing 30 

mg total IM content) were stored with 30 mg of IM-ɔ under vacuum for up to 30 days.  

To test thermal stability, Ŭ-IM and IM-aerogel samples were both stored at 125 °C for 

up to 96 hours in an oven. These samples were then removed from the oven and stored in 

a dessicator under vacuum before testing.  

4.1.5 Solid state characterization of indomethacin 

4.1.5.1 Differential scanning calorimetry 
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The basics of DSC have been described in 3.1.7.1. In this chapter, DSC was performed 

using a Mettler Toledo DSC 3+ to determine thermal properties of the different IM 

samples, including melting temperature and phase transformations. Samples were heated 

at a rate of 3 °C/min from 25-210 °C and as-received material was also tested for reference. 

4.1.5.2 Raman spectroscopy 

Raman spectroscopy was used in this chapter to identify and quantitatively determine 

the amount of the Ŭ and ɔ polymorphs of indomethacin in a sample. Raman is a technique 

that uses light scattering to analyze the chemical structure, polymorphism and crystalline 

phases in a material sample.231ï233 This inelastic scattering technique is used to determine 

vibrational modes of molecules. A laser is shone at a sample and the laser light interacts 

with molecular vibrations within the material. This causes there to be energy shifts in the 

light, which provides information on the vibrational modes of the material. The 

fundamental vibrations differ for pharmaceutical polymorphs allowing Raman 

spectroscopy to distinguish between the forms.230,234,235 

In this chapter, Raman spectra were collected using a Renishaw Qontor Confocal 

Raman Spectrometer with a 785 nm laser and a grating of 1200 lines/mm. A 10 s exposure 

time was used with the laser operating at 50% power. Spectra were collected between 1600 

ï1750 cm-1. Atef et. al. have recently shown the usefulness of Raman spectroscopy in 

distinguishing between the Ŭ and ɔ form of IM. By comparing the weight % of Ŭ-IM in 

binary mixtures of Ŭ and ɔ IM to specific peak heights in a Raman spectrum, they were 

able to determine signature peaks for each form (1649 cm-1 for Ŭ-IM and 1699 cm-1 for ɔ-

IM).230  This method was used to quantitatively determine percentage of Ŭ-IM and ɔ-IM 
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in our samples. A standard curve was first obtained by preparing binary mixtures of IM-Ŭ 

and IM-ɔ in distinct ratios (5:95, 25:75, 50:50, 70:30, 90:10) and measuring the ratio of 

the absolute intensity of the peaks attributed to each form immediately after mixing (1649 

cm-1 for IM-Ŭ and 1699 cm-1 for IM-ɔ). This curve was then used to detect quantify the 

amount of each polymorphic form in our samples. Five measurements of samples from 

the same batch were taken for each different mixture and drug and the average and 

standard deviation were reported. 

4.1.5.3 Optical microscopy 

Optical microscopy was used to qualitatively characterize the drug crystals within 

CNC aerogels. Micrographs of the aerogels containing IM were taken using a LEICA 

DMi8 microscope in transmission mode.  

4.1.5.4 Scanning electron microscopy 

Scanning electron microscopy (SEM) was used to observe the drug crystals that 

nucleated within the aerogels. SEM is an imaging technique that provides information on 

surface topography, physical/crystalline structure, and chemical and electrical behavior of 

a material. SEM provides a much more in-depth look at a material and has much higher 

magnification capabilities when compared to optical microscopy.236,237 SEM also presents 

several advantages over TEM; the primary one of interest for this chapter is the ability to 

use much larger sample sizes. The small sample size required for TEM would not 

adequately host the aerogels and drug crystals that were used in this chapter. Additionally, 

sample preparation is much shorter for SEM imaging. 
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In this technique, an electron beam is fired at a sample from a field-emission gun. The 

electrons penetrate the sample and produce backscattered and secondary electrons, which 

are detected and provide information about the sample. Of the most interest to this chapter 

are the secondary electrons, which get scattered from the specimen surface and allow high 

resolution imaging, thus allowing identification of different pharmaceutical 

polymorphs.238,239 

SEM relies on electrical conductivity of sample surfaces in order to obtain high 

resolution images. The SEM imaging process bombards a specimen surface with electrons 

and can build up electrical charge on the surface. Many materials in the pharmaceutical 

and biomaterial fields are not electrically conductive and are ineffective as dissipating this 

charge. This results in samples being damaged due to overcharging and poor contrast for 

imaging. Prior to imaging, poorly conductive samples have to be coated with a thin layer 

of metal to improve charge dissipation and obtain higher contrast for better images.239 In 

this thesis, a sputtering of gold/palladium is deposited onto the sample surface under 

vacuum conditions in order to obtain a thin (typically few nm) layer of metal. 

SEM images in this thesis were taken using a Zeiss Ultra60 field emission scanning 

electron microscope at an operating voltage of 3 kV. Samples were mounted with carbon 

tape on aluminum stubs and sputter coated with a Hummer 6 gold/palladium sputter coater 

prior to imaging. 

4.1.6 Drug dissolution studies 
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Dissolution studies were performed to determine the drug release profile for 

indomethacin from within the aerogel versus the commercially available ɔ-form. This 

technique has been described previously in Section 3.1.7.5. 

In this chapter, the USP paddle method was used for indomethacin.226,240,241 An Agilent 

708-DS Dissolution Apparatus was used with a paddle attachment rotating at 100 RPM. 

DI water with a pH of 6.5 at 37 °C was used as the dissolution medium to simulate 

intestinal fluid. Aliquots were collected at various time intervals between 30 seconds and 

2 hours and an equal amount of DI water was returned to the dissolution vessel. The aliquot 

samples were filtered using 0.22 µm PVDF filters and measured using an Agilent 

Technologies Cary-60 UV-Vis spectrometer. Measurements were taken at 318 nm. Prior 

to measurements, a standard curve was prepared to determine the concentration to 

absorbance ratio for dissolved IM. First a stock solution was prepared by dissolving 30 

mg in 900 mL of the dissolution media (DI water pH 6.5 at 37 °C). Serial dilutions were 

made to obtain samples ranging in concentration from 0.065 ï 33.3 Õg/mL. Samples of ɔ-

IM were mixed with a CNC aerogel using a mortar and pestle in the same ratio of CNC to 

IM in the IM-aerogel sample. The concentration of dissolved drug was normalized against 

the original amount of drug in the sample to obtain a percentage dissolved, which has been 

plotted against time. 

 Results 

4.2.1 Crystallization of Ŭ-IM within Cellulose Nanocrystal Aerogels 
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Figure 4.1A, B. Images of cellulose nanocrystal aerogels, C. Raman spectra of CNC 

aerogel showing no significant peaks between 1600-1750 cm-1, and D. DSC scan of 

CNC aerogel showing no significant peak in the 140-164 °C region 

IM was drop-casted from a saturated ethanol solution directly into CNC aerogels held 

within the silicone mold (Figure 4.1A, B) and the samples were cooled to induce 

supersaturation. Both Ŭ-IM and ɔ-IM crystallized into the aerogels and can be seen in 

Figure 4.2. The thin needles are Ŭ-IM, which is known to have a fiber-like morphology 

due to very fast growth in one direction.240,242,243 These are clearly visible in the SEM 

images (Figure 4.2C, D) and appear as small fuzzy spikes in the optical micrographs 

(Figure 4.2A, B). ɔ-IM crystals are more plate-like and easily distinguishable from the Ŭ-

form and have been circled in red.229 
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Figure 4.2 Images of Indomethacin recrystallized within CNC aerogels from: A, B. 

optical microscopy; C, D. SEM. Ŭ-IM crystals grow as the easily visible thin needles 

and ɔ-IM crystals are more plate-like and have been circled in red. 

Raman spectroscopy was used to confirm the presence of the polymorphic forms of 

IM using the peak at 1649 cm-1 to indicate Ŭ-IM and the peak at 1699 cm-1 to indicate ɔ-

IM.230 The Raman spectra for our samples are given in Figure 4.3. The as-received IM 

(pink) showed a sharp peak at 1699 cm-1, attributed to the benzoyl C=O vibration, 

confirming it was the ɔ-form. The Ŭ-IM recrystallized from water (blue) showed no peak 

at 1699 cm-1 but a sharp peak at 1649 cm-1, which is attributed to the hydrogen bonded 

acid C=O stretch confirming this was the Ŭ-form. The IM recrystallized within the aerogel 

(brown) contained peaks at both 1649 cm-1 and 1699 cm-1 indicating that both Ŭ and ɔ 
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forms were present within the aerogel.230,244 A Raman spectrum of the CNC presented no 

overlaps with peaks in the 1600-1750 cm-1 region (Figure 4.1.C). 

 

Figure 4.3 Raman spectra between 1500-1800 cm-1 of as-received ɔ-IM crystals 

(pink ï with distinct benzoyl C=O vibration peak at 1699 cm-1), Ŭ-IM recrystallized 

from water (blue ï with distinct hydrogen bonded acid C=O peak at 1649 cm-1), 

and IM in aerogel showing both Ŭ and ɔ crystal forms (brown); inset image shows 

Ŭ-IM needles and ɔ-IM plate -crystals (red circles) within CNC aerogel 

Raman spectroscopy was also used to quantify the amount of each form within the 

aerogel. A standard curve (dashed line in Figure 4.4) was prepared using binary mixtures 

of Ŭ and ɔ polymorphs and plotting the ratio of the peak intensities at 1649 cm-1 and 1699 

cm-1 for each sample. Using this curve, the amount of ɔ-IM in the aerogel was determined 

to be approximately 15 wt% ± 8 wt% (indicated by the brown X in Figure 4.4), indicating 

that most of the IM in the aerogel recrystallized as the Ŭ-form. 
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Figure 4.4 Standard curve (dashed line) showing ratio of Ŭ to ɔ peak intensities 

compared to weight percent of gamma in the binary mixture. Amount of ɔ-form in 

IM -aerogel shown using brown X and the error bar indicates standard deviation 

based on 5 measurements. 

DSC scans further confirmed our findings that the as-received material was ɔ-IM with 

a melting temperature of 158°C, which is the onset of the sharp endotherm in the pink 

curve in Figure 4.5. Ŭ-IM was obtained by using anti-solvent crystallization with H2O out 

of a saturated IM in ethanol solution. The DSC scan of this sample (Figure 4.5, blue) 

showed a melting endotherm with an onset at 147°C, which has been documented as the 

Ŭ-IM melting temperature in literature.227,229 A small peak with an onset temperature of 

159°C was also observed in this scan indicating the presence of a small amount of ɔ-IM 

in the sample. This is attributed to interconversion of Ŭ-IM to the ɔ-form due to heating 

and suggests thermal instability of the of the Ŭ-form since the room temperature Raman 

spectrum of this sample (Figure 4.3, blue curve) showed no presence of ɔ-IM. The aerogel 

again contained evidence of both IM polymorphs as seen from the two endotherms in the 

brown curve above. The peak with onset at 149ÁC is attributed to the Ŭ form and the peak 
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with onset at 158°C is attributed to the ɔ form. A DSC thermogram of the CNC aerogel 

has been included in Figure 4.1D and shows no peaks in the 100 ï 200°C region that could 

be obscuring the data from IM. 

 

Figure 4.5 DSC thermograms of IM samples as-received ɔ-IM  (pink), recrystallized 

Ŭ-IM  (blue), and IM recrystallized within aerogel (brown) 

Dissolution studies were performed to compare the dissolution behavior of IM in the 

aerogel to the as-received material (Figure 4.6). The dissolution was run for 2 hours and 

showed that the IM-aerogel samples have a faster dissolution reaching 100% dissolution 

at 90 minutes. In comparison, the ɔ-IM samples were less than 90% dissolved at 90 

minutes and reached 98% dissolution at 120 minutes.  
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Figure 4.6 Dissolution profiles of ɔ-IM mixed with CNC aerogel as excipient (pink) 

and IM -aerogel sample (brown) in DI water at 37 °C 

4.2.2 Ŭ-IM stabilized in CNC aerogels at high temperature thermal holds 

As seen in Figure 4.5, Ŭ-IM undergoes interconversion at elevated temperatures and 

so we further studied the effect of the CNC aerogel on this transformation using thermal 

holds. Samples of Ŭ-IM powder and IM-aerogel were held at 125 °C for up to 96 hours 

and DSC scans were performed to study any thermal effects on the materials. 

Interconversion was observed in all the Ŭ-IM powder samples (Figure 4.7A) evidenced by 

the exotherm between 152-153 °C, indicated by the red circles. This exotherm is attributed 

to the recrystallization of Ŭ-IM and does not appear in the IM-aerogel samples (Figure 

4.7B), even after 96 hours at 125 ÁC. This indicates that the Ŭ-IM crystals within the 

aerogel remain in the Ŭ-form, potentially due to stabilization by the CNC aerogel. 
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Figure 4.7 DSC scans after thermally holding A. a-IM and B. IM -aerogel samples at 

125 °C for up to 96 hours. Red circles indicate the recrystallization exotherm seen 

for Ŭ-IM samples 

4.2.3 Ŭ-IM stabilized in CNC aerogels in the presence of ɔ-IM seed crystals 

As seen in the micrographs in Figure 4.2, both Ŭ and ɔ forms of indomethacin 

crystallized within the aerogel; however, the stability of the metastable form needs to be 

further understood. Impurity crystals have been shown to cause interconversion of 

metastable drug forms, making them difficult to attain during production and less 

effective. The first part of this study showed that both Ŭ and ɔ forms can coexist within the 

CNC aerogels without interconversion, but the extent of this stability is unknown. ɔ-IM 

crystals can act as impurities or triggers for interconversion and thus we investigate the 

stability of Ŭ-IM within the CNC aerogel in the presence of ɔ-IM seed crystals.  

Raman spectroscopy was used to measure transformation of the Ŭ-IM with time. When 

stored in the presence of ɔ-IM seed crystals, a bulk of the Ŭ-IM powder transitioned to the 

ɔ form within one day. This is evident in the Raman spectra of the samples (Figure 4.8A). 

Initially no ɔ-IM peak was observed in the Ŭ-IM sample, but upon storage with ɔ-IM seeds, 

a sharp peak appeared at 1699 cm-1. Using the standard curve, the amount of ɔ-IM in the 
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sample after 1 day was determined to be 75 wt% ± 11 wt% (Figure 4.8C, red X). A 

maximum of 50% ɔ-IM can be attributed to the added ɔ-IM seeds since they are in present 

in the sample being tested; however, the excess 25 % is due to the phase transformation 

occurring within the material. 

 

Figure 4.8 Raman spectra of IM samples stored with ɔ-IM seeds for 24 hours: A. Ŭ-

IM, B . IM -aerogel, and C. Weight percent of ɔ-form in the Ŭ-IM sample (red X) 

and IM-aerogel (green X) calculated using the standard curve. An average weight 

percent was obtained using measurements from different parts of the mixture. The 

error bars in C) are derived from the standard deviation of 5 measurements 

In contrast, when the IM-aerogel sample was stored with ɔ-IM seed crystals, little 

change in the Raman peaks was observed (Figure 4.8B). Since individual crystals could 

be monitored using the Raman microscope, this spectrum was obtained for Ŭ-IM crystals 

in the sample. The Ŭ-IM signature peak at 1649 cm-1 remains stronger than the ɔ-IM peak 

at 1699 cm-1. An average of the whole mixed sample was used to determine the % of ɔ-

IM and was found to be 51% ± 4%. This indicates that the added seed crystals are the only 

ɔ-IM in the aerogel mixture (Figure 4.8C, green X), in contrast to the Ŭ-IM powder, where 

50% of the Ŭ-IM transformed to ɔ-IM during the same 1 day of storage with ɔ-IM crystals. 

The effect of shorter time frames on Ŭ-IM transformation was also studied using 

Raman spectroscopy. Raman spectra were taken at specific time intervals after adding the 
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ɔ-IM seeds to both the Ŭ-IM and the IM-aerogel samples and the percentages of ɔ-IM as a 

function of time are shown in Figure 4.9. The Ŭ-IM almost immediately shows 60% ɔ-

form in the sample. As noted previously, 50% of this could be attributed to the added ɔ-

IM seeds since we added an equal mass of the ɔ-form; however, the additional 10% was 

due to the interconversion effects. Over the next three hours, additional interconversion 

takes place and the amount of ɔ-IM in the sample increases to 75% at 24 hours. The IM-

aerogel sample shows an average of 50% ɔ-form for up to 24 hours even after seeding, 

indicating that only the added ɔ-IM seed crystals are present and no interconversion is 

taking place in this sample. 

 

Figure 4.9 % ɔ-IM in the samples as a function of time after adding ɔ-IM seed 

crystals to Ŭ-IM (red) and IM -aerogel (green) samples. The black line represents 

the 50% mark, which would be the maximum ɔ-IM amount from adding the seed 

crystals. 

These results show that the metastable Ŭ-IM powder is not stable in the presence of ɔ-

IM seeds and undergoes interconversion to the more thermodynamically stable ɔ 
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polymorph. The Ŭ-IM in the CNC aerogels, on the other hand, does not show significant 

transformation and remains stabilized within the aerogel structure at room temperature, 

even in the presence of ɔ-IM seed crystals.  

 Discussion 

Based on the microscopy images, the crystallization of both Ŭ-IM and ɔ-IM was 

confirmed within the CNC aerogels. Raman spectroscopy was used to further evaluate 

these aerogel systems and it was confirmed that the majority of the IM was Ŭ-form within 

the aerogel with only 15% Ñ 8% being ɔ-form. The nucleation of the metastable Ŭ-form 

could be promoted in part due to the inherent moisture content within CNCs. As water is 

an anti-solvent for Ŭ-IM, the moisture in CNCs can force precipitation of the Ŭ-form within 

the aerogel.245 This metastable polymorph formation could also be due to the formation of 

hydrogen bonds of Ŭ-IM with the hydroxyl groups on the CNC surfaces (Figure 4.10). The 

ɔ-form of IM contains a strongly bonded carboxylic acid dimer within the crystal lattice. 

The Ŭ-form contains a hydrogen bonded trimer where one of the carboxylic acid groups is 

bonded to an adjacent amide carbonyl group. Several studies have looked at the molecular 

conformations of these two polymorphs of indomethacin and concluded that Ŭ-IM is more 

reactive. This is due to a combination of accessibility of carboxyl groups within the lattice, 

bond lengths between the dimers and trimers, and the number of different possible 

conformations of the two different forms.228,245ï247 The carboxyl group that hydrogen 

bonds to the amide group in the trimer is more accessible for hydrogen bonding with the 

hydroxyl group on the CNC surface than carboxyl groups participating in the hydrogen 

bonded dimer. The crystallization of Ŭ-IM from cellulose nanofiber surfaces has been 

reported previously by Gao et. al. They also suggested that the hydrogen bonding between 
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the IM carboxyl group and the cellulose hydroxyl group was the primary driving force for 

this interaction.248 

 

Figure 4.10 Crystal orientations showing the hydrogen bonding (dashed lines) 

between A. Ŭ-form and B. ɔ-form of indomethacin. Both forms contain a strongly 

bonded dimer between two carboxylic acid groups and the Ŭ-form also contains an 

additional hydrogen bond between a carboxyl group and an adjacent amide 

carbonyl group 

While the hydrogen bonding between CNC and Ŭ-IM is crucial to crystallization of 

the metastable phase, the dissolution studies showed that IM-aerogel is able to achieve 

faster dissolution than the ɔ-form. CNCs are dispersible in water and the CNC aerogel 

networks can be easily disrupted by water. Therefore, the Ŭ-IM crystals from within the 

aerogel can be accessed and dissolved once the CNC aerogel is broken down in the 

simulated intestinal fluid. This network disruption also breaks the hydrogen bonding with 

the Ŭ-IM and does not seem to affect the crystalôs ability to dissolve. 

Our current investigation also showed the stability of Ŭ-IM within the aerogels in 

contrast to Ŭ-IM powder that underwent interconversion to the ɔ-form when stored under 

heat or in the presence of ɔ-IM seed crystals, which are common scenarios that arise during 
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the production and processing of indomethacin. The Ŭ-form of IM is more soluble and 

access to this form can provide higher efficacy drug formulation, but the stability is an 

issue during actual production. As a result, the practical application of Ŭ-IM is limited 

since natural processing conditions could lead to transformation of the metastable form. 

While Ostwaldôs rule and kinetics favors the nucleation of Ŭ-IM since it is the lower 

stability form, when storing this material at elevated temperatures, thermodynamics 

dictates that the most stable ɔ-form of IM would result.138,180,227 This is observed in the 

DSC scans in Figure 4.7, where thermal holds at 125 °C results in additional 

interconversion of Ŭ-IM to ɔ-IM. Seeding also causes this interconversion and timed 

studies showed that in the presence of ɔ-IM seed crystals, Ŭ-IM crystals transition to a 

different crystal structure almost immediately and after 24 hours, 50% of the Ŭ-IM crystals 

have undergone interconversion, resulting in a total of 75% ɔ-IM in the sample. 

The formation of hydrogen bonds between CNCs and the carboxyl groups on Ŭ-IM 

would also explain the stability against this transformation. Interconversion within the 

aerogels would involve the disruption of these hydrogen bonds, requiring additional 

energy. As such even though ɔ-IM is the more thermodynamically stable form, the Ŭ-IM 

does not undergo interconversion and remains bonded to the CNC surfaces on the aerogel. 

This hydrogen bonding is also able to provide stability against the seed-induced 

interconversion. Ŭ-IM and ɔ-IM are both present within the aerogel to begin with, 

indicating that these Ŭ-IM crystals are stable and do not change to the ɔ-form. Furthermore, 

even when additional ɔ-IM seed crystals are added, the Ŭ-form remains stabilized within 

the aerogel. Seeding typically provides a platform for growth and can cause a shift in the 
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crystal structure; however, since the Ŭ-IM crystals are already physically bound to the 

CNCs, no such shift occurs. 

Additionally, the porous structure of the aerogel can further assist in stabilizing the 

indomethacin crystals. Since the Ŭ-IM crystals exist as long fiber-like needles, the 

constraints of the pore walls within the CNC aerogel would limit the mobility of IM 

crystals and therefore restrict interconversion to more the plate-like ɔ-IM crystals. This 

type of stabilization within pores has previously been suggested by Nartowski et. al. for 

IM form V.191 They posited that the spatial constraints inside controlled glass pores 

assisted with crystallizing IM form V and preventing impurities from affecting the 

crystals. Since the CNC aerogels can also provide spatial constrains to the Ŭ-IM needles, 

it is possible that these crystals are further prevented from conversion. 

 Conclusions 

These results show the effects of the CNC aerogels on stabilizing the metastable Ŭ-

form of the model drug indomethacin. IM was recrystallized into CNC aerogel scaffolds 

as a mixture of the two polymorphic forms Ŭ-IM and ɔ-IM. It was shown that Ŭ-IM powder 

has a tendency to interconvert to the more stable ɔ-form when stored with ɔ-IM seed 

crystals. Through the use of quantitative Raman spectroscopy analysis, we showed that 

when the Ŭ-IM is crystallized in a CNC aerogel, no interconversion occurs in the presence 

of ɔ-IM seeds. This study also investigated the effect of the CNC aerogel on stabilizing Ŭ-

IM during high temperature holds in order to further stress the material and determine 

whether this stabilization effect was effective with under elevated temperature conditions. 

While Ŭ-IM powder by itself showed high interconversion and recrystallization to the ɔ-
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form when held at 125 ÁC for up to 96 hours, the Ŭ-form within CNC aerogels did not 

show any such transformation. This has important implications not only in being able to 

stabilize a metastable drug form, but also in increasing the efficacy of certain APIs as these 

metastable forms, typically with higher solubilities as shown in this chapter, could be 

administered to patients without the concern of interconversion. An added benefit is the 

ability to use these CNC aerogels to protect against interconversion due to the presence of 

seeds of a more stable API form, especially during the production process. A preliminary 

solubility study comparing the dissolution profiles of ɔ-IM versus the IM-aerogel samples 

showed that the IM-aerogel sample has faster dissolution, indicating that the Ŭ-IM within 

the aerogel was able to release and dissolve faster showing promise for using CNC 

aerogels as one-step drug crystallization and delivery systems. 
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In this chapter, films and aerogels of surface modified cellulose nanocrystals were used 

to study the combined effects of surface templating and confinement on directing API 

polymorphism.   

Films and aerogels containing three different surface chemistries were used for 

crystallization of ROY in order to study and differentiate the individual effects of surface 

templating and confinement. Unmodified and surface modified cellulose nanocrystals 

(CNCs will be used to indicate the collective of all cellulosic materials used in this chapter) 

were prepared and used as templates and scaffolds for crystallizing ROY. Unmodified 

CNCs present with a hydroxyl group on the surface (U-CNC), TEMPO oxidized CNCs 

contain a carboxyl group on the surface (O-CNC), and Jeffamine coupling puts long chain 

polymers onto the CNC surface that contain ether groups, amide groups, and hydrophobic 

C-H functionalities throughout the chains (J-CNC). These three CNC surface chemistries 

can provide a view of the effect of surface functional groups on directing polymorphism. 

Additionally, an investigation of CNC films versus aerogels allows us to understand the 

effects that pores and confinement have on polymorphism. The rigid structures of aerogels 

can entrap specific molecular arrangements, preventing molecular rotation and the gel 

surface chemistry can provide bonding sites for specific functionalities of an API molecule, 

which can further direct polymorphism. 
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The crystallization study in this chapter was performed using the pharmaceutical 

intermediate 5-Methyl-2-[(2-nitrophenyl)amino]-3-thiophenecarbonitrile, known as ROY 

for its red, orange, and yellow crystals.249 ROY exhibits this color polymorphism due to 

the variation in the torsion angle of the N-C-S bond of the molecule (Figure 5.1).235 At least 

ten polymorphs have been discovered and studied for this molecule and, due to the 

dependence of the polymorphism on physical constraints and conformations, ROY is an 

excellent model molecule for studying the combined effects of surface chemistry and 

confinement on polymorphism.249ï251 The known polymorphs of ROY include red prisms 

(R), yellow prisms (Y), orange plates (OP), orange needles (ON), yellow needles (YN), 

orange-red plates (ORP), red plates (RPL), yellow 2004 (Y04), Y04 transformed (YT04), 

and red 2005 (R05). 249,252,253 

 

Figure 5.1 Chemical structure of ROY showing the angle (ɗ) that causes color 

polymorphism 

Using ROY as a model molecule, this chapter provides a preliminary look into how a 

combined approach to crystallization can provide the benefits of both surface chemistry 

and confinement to rationally design systems for polymorph control. 

 Materials and Methods 
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5.1.1 Materials 

Cellulose nanocrystals were obtained from Celluforce as a spray dried powder (Lot # 

2015-009). CNCs were washed with acetone in order to purify and improve the 

reproducibility of the materials, as described in CHAPTER 2. Briefly, CNC powder was 

suspended in acetone and stirred for 10 minutes. The dispersion was then centrifuged at 

10,000 RPM for 10 minutes using an Eppendorf centrifuge. The supernatant was removed, 

and the wash-centrifuge cycle was repeated twice more. The purified CNCs were left to 

dry in air overnight and will be referred to as U-CNCs in this chapter. 

2,2,6,6-Tetramethyl-1-piperidinyloxyl free radical (TEMPO) was obtained from TCI 

America. Sodium bromide (NaBr), and sodium hypochlorite (NaOCl) were obtained from 

Alfa Aesar. Jeffamine M2070 (a hydrophilic polyetheramine with molecular weight 2070 

g/mol) was donated by Huntsman Corporation.  N-Hydroxysuccinimide (NHS) was obtained 

from Thermo Scientific, N-(3-dimethylaminopropyl)-Nǋ-ethylcarbodiimide hydrochloride 

(EDC) was obtained from Oakwood Chemical, and 5-Methyl-2-[(2-nitrophenyl)amino]-3-

thiophenecarbonitrile (ROY) was obtained from TCI America. Ethanol was obtained from 

Decon Labs. 

5.1.2 Surface modification of CNCs 

5.1.2.1 TEMPO Oxidation 

Oxidation of CNCs was done as described in Section 2.1.4. Briefly, about 1 g of dry 

U-CNCs were suspended in 150 mL water and stirred for 10 minutes and sonicated using 

a probe sonicator to evenly disperse. TEMPO (0.035 mol/mol CNC) and NaBr (0.5 
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mol/mol cellulose) were added and the suspension was further stirred for 10 minutes. 

NaOCl (3 mol/mol cellulose) containing 11-15% active chlorine was added in a dropwise 

manner to start the oxidation procedure. The pH of the mixture was kept between 10.5 and 

11.5 with the addition of 0.5 M NaOH throughout the oxidation and the reaction was 

deemed complete after 4 hours of stirring when the pH of the mixture stopped decreasing 

rapidly. The reaction was terminated by adding 5 mL ethanol and stirring for another 30 

minutes. The final product was centrifuged to separate the solids and the concentrated 

oxidized CNC (O-CNC) samples were dialyzed against DI water for 5 days. Finally, the 

O-CNC was freeze-dried to obtain a white powder.  

5.1.2.2 Jeffamine coupling 

Jeffamine coupling onto O-CNCs was done following the procedure by Azzam et. al.77 

Briefly, 0.5 g of O-CNC was suspended in water and 4.5 g of Jeffamine M2070 was added 

to the suspension and the pH was adjusted to between 7.5-9. NHS and EDC were dissolved 

in 2 mL deionized water and added to the mixture (NNHS = NEDC = NJeffamine = 4 per mole of 

carboxyl group). The mixture was stirred overnight at room temperature and the pH was 

maintained between 7.5-8 throughout the mixing process. At the end of 24 hours, the pH was 

decreased to 1-2 by adding HCl. The suspension was then dialyzed against deionized water 

to remove excess reagents. Finally, the Jeffamine coupled CNC (J-CNC) was freeze-dried to 

obtain a white powder. 

5.1.2.3 Fourier transform infrared spectroscopy 

Fourier transform infrared spectroscopy (FTIR) was used to confirm the different 

surface modifications. FTIR is described in 3.1.3.1 and is used in this chapter to identify 
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the functional groups on the surface of the CNC films and aerogels. A Shimadzu FTIR was 

used with an attenuated total reflectance (ATR) sample holder. Small amounts of the 

films/aerogels were placed on the ATR crystal and an FTIR spectrum was measured 

between 400-4000 cm-1. Prior to oxidation, no peaks are observed in the 1600-1700 cm-1 

range and post oxidation, a peak appears at around 1602 cm-1, attributed to the carboxyl 

group from the O-CNC. Jeffamine coupling converts the carboxyl to an amide group and 

shifts the C=O peak to around 1645 cm-1. 

5.1.3 Films and aerogels of cellulose nanocrystals 

Films of CNCs were made using 1 wt% suspensions. These suspensions were drop cast 

onto Teflon petri dishes and dried at 60 °C overnight to obtain uniform films. 

CNC aerogels were made by freeze drying 1% suspensions. First 1 wt% U-CNC/O-

CNC/J-CNC suspensions in water were probe sonicated to fully disperse the material. 5 

mL samples of the suspension were then placed into a silicone tray and the tray was put 

into a -80 °C freezer overnight. The frozen material was then freeze dried using a FreeZone 

2.5 L freeze dryer. The aerogels were hexagonal prisms. 

5.1.4 Characterization of films and aerogels 

5.1.4.1 Atomic Force Microscopy 

Atomic force microscopy (AFM) in tapping mode was used to determine the surface 

roughness of the various CNC films. This is a high-resolution technique that is able to 

obtain topography information about almost any type of surface. In tapping mode AFM, a 

small tip attached to a cantilever is scanned over the surface and the cantilever is vibrated 
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and comes into contact with the surface and provides an image of the topography. In 

contrast to SEM or TEM, this technique provides a true 3-dimensional surface profile and 

is therefore useful for imaging films. 

A Bruker Icon Scanning Probe Microscope was used in this chapter with a n-type 

silicon tip (MikroMasch HQ:NSC14/Al BS) to obtain height and phase images. Nanoscope 

Analysis 2.0 software was used to analyze the images and determine the surface roughness. 

Drop cast films of the various CNCs were placed on top of silicon wafers to have a hard, 

flat surface for imaging. 

5.1.4.2 Scanning electron microscopy 

In this chapter, scanning electron microscopy (SEM) was used to obtain images of the 

aerogels to determine the pore sizes within the aerogel networks. Prior to imaging, the 

aerogels were cryo-fractured by first dipping the gels into liquid nitrogen followed by 

cracking the gels along the middle in order to be able to image the interior of the aerogels. 

These samples were mounted with carbon tape on aluminum stubs and sputter coated with 

a Hummer 6 gold/palladium sputter coater. SEM images were taken using a Zeiss Ultra60 

field emission scanning electron microscope at an operating voltage of 3 kV. Image J 

analysis software was used to determine the pore sizes within the aerogels. A total of at 

least 45 pores were measured from 3 different samples for each type of aerogel. 

5.1.5 Crystallization of ROY onto films and aerogels 

Saturated solutions of ROY were made by dissolving 12.5 mg/mL of the powder in 

ethanol and heating up to 60 °C. A sample of this solution was recrystallized (using the 
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same quenching parameters as below) without any CNC films and aerogels in order to 

determine the crystal structure of ROY recrystallized from ethanol solvent (this sample is 

named ROY-EtOH throughout the rest of this chapter).  

Crystallization onto films was performed by vertically immersing the CNC films into 

vials containing ROY solutions. These systems were quenched to 4 °C and left for 18 hours. 

The films were then removed and air dried before analysis. Crystallization into aerogels 

was performed by drop casting 1 mL of the ROY solution into the different aerogels held 

within the silicone tray followed by cooling to 4 °C to induce supersaturation. After 18 

hours, the aerogels were removed from the fridge and stored under vacuum overnight to 

dry off any excess liquid.  

5.1.5.1 Optical microscopy 

Optical microscopy was used to qualitatively characterize the ROY crystals. Since 

ROY polymorphs have distinctive colors and shapes, optical microcopy provided a good 

indication of the crystals obtained from each type of film and aerogel. Micrographs were 

taken using a LEICA DMi8 microscope in transmission mode.  

5.1.5.2 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) was used to analyze the thermal profiles of 

the pharmaceuticals. ROY samples (as-received, crystallized onto films, and crystallized 

within aerogels) were heated at 3 /min from 50-150  to determine the melting 

temperatures of ROY crystals. Melting is an endothermic process and the onset 

temperatures of the endotherms were used as an indication of the beginning of melting. 
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The melting temperature of the different forms of ROY (that have been determined till 

date) are given in Table 5.1.249,253 

Table 5.1 Melting temperatures of the seven solved polymorphs of ROY  

ROY form  Melting temperature (°C) 

Yellow prism (Y) 109.8 

Red prism (R) 106.2 

Orange plate (OP) 112.7 

Orange needle (ON) 114.8 

Yellow needle (YN) 99 

Orange-red plate (ORP) 97 

Yellow 2004 transformed (YT04) 106.9 

5.1.5.3 Raman spectroscopy 

Raman spectroscopy was used to further identify the polymorphs of ROY crystallized 

on the films and within the aerogels. This technique has been described in section 4.1.5.2. 

A Reinshaw Raman spectrometer equipped with a 785 nm laser and a grating with 1200 

lines/mm was used. Spectra were collected and analyzed using the WiRE 5.0 software 

package. A static scan mode centered around 2200 cm-1 was used and spectra were 

collected with an exposure time of 30s at a laser operating at 1% power. The peak between 

2220-2250 cm-1 was used to determine the polymorphism of ROY.  

5.1.5.4 X-ray diffraction  

The basics of XRD were described in section 2.1.3.3. For this chapter, XRD 

measurements were taken on a Panalytical Empyrean instrument and used to further 

determine the crystal structure of the ROY crystals grown from the CNC films and 
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aerogels. Samples were placed on zero-background sample holders and scans were 

performed between 5° - 40° using a 1/32° anti-scatter slit and a 0.02 radian soller slit. As-

received ROY was also tested for reference. Calculated XRD patterns were obtained from 

the Cambridge Crystallographic Data Center (CCDC) and Mercury 2020.3.0 software was 

used to analyzed XRD patterns. 

 Results and discussion 

5.2.1 Cellulose nanocrystal films and aerogels 

Surface modifications of the CNCs were carried out successfully as determined by 

FTIR (Figure 5.2). TEMPO oxidation was first performed to convert the hydroxyl groups 

on unmodified CNC (U-CNC) surfaces to carboxyl groups and obtained oxidized CNCs 

(O-CNCs). Amide coupling was then used to obtain Jeffamine-grafted CNCs (J-CNCs).  

 

Figure 5.2A. FTIR Spectra (400-4000 cm-1), B. 1600-1700 cm-1 region of FTIR 

spectra to show details, and C. XRD powder patterns for  unmodified CNC (green), 

oxidized CNC (blue), and Jeffamine-coupled CNC (pink). Inset images in B show 

the functional groups of O-CNC and J-CNC. 

The U-CNC spectra (green) show a very small peak in the 1600-1700 cm-1 region, 

which is attributed to absorbed water in the cellulose.254 The appearance of a strong peak 

at 1602 cm-1 in the O-CNC spectra (blue) is confirmation of oxidation reaction and 
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corresponds to the C=O stretching band of the salt form of the carboxyl group.  In the J-

CNC spectra (pink) the intensity of the sharp peak at 1602 cm-1 has reduced significantly 

and shifted to 1643 cm-1 indicating that the reaction with the carboxyl group has taken 

place. This peak is attributed to the C=O group in the amide functional group that is present 

on the J-CNCs.77,89,90 Films and aerogels of the CNCs were prepared and again analyzed 

using FTIR and confirmed to have the same functionalities as the CNCs used to make them. 

These results show that the target surface chemistries were achieved on the films and 

aerogels. 

The crystal structures of the CNC aerogels were determined XRD and the three types 

of CNCs had the same XRD patterns. Sharp peaks appeared at 14.1, 16.7, 18.6, 22.9, and 

25.8° representing the (101), (110), (111), (200), and (120) planes of cellulose Iɓ. These 

results are in line with the XRD peaks determined for Celluforce CNCs in section 2.2.1, 

with very slight variations in peak positions due to the alignment of the cellulose 

nanocrystals within the aerogel structures.  

Films of the CNCs were prepared using 1 wt% solutions drop-cast into Teflon petri 

dishes. The surface roughness of these films was determined using AFM (Figure 5.3). The 

average surface roughness was 3.6 ± 0.8 nm, 4.5 ± 0.8 nm, and 2.6 ± 0.2 nm for the U-

CNC, O-CNC, and J-CNC films respectively. These low surface roughness values indicate 

that the films do not contain pores and the films can be considered flat surfaces.  
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Figure 5.3 AFM height images showing the topography of A. U-CNC film,  

B. O-CNC film, and C. J-CNC film  

Aerogels of the CNCs were freeze-dried from 1 wt% dispersions in water and the pore 

sizes were measured using SEM images of cryo-fractured aerogels (Figure 5.4). Average 

pore size was determined to be 61 ± 11 µm, 51 ± 10 µm, and 29 ± 10 µm for the U-CNC, 

O-CNC, and J-CNC aerogels respectively. The J-CNC aerogels contain longer polymer 

chains within the network, with a polymer chain length of around 40 monomer units, which 

could be the reason for a smaller mesh size. 89,91,255 
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Figure 5.4 SEM micrographs of A, B. U-CNC, C, D. O-CNC, and E, F. J-CNC 

aerogels  

5.2.2 As-received ROY and recrystallisation from ethanol  

ROY polymorphs are distinctly different in appearance and can be identified using 

optical microscopy. Seven of the ROY polymorphs have been solved and documented by 
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various previous studies. Each of these polymorphs of ROY has a known and distinct 

melting temperature, making DSC a standard technique for determining ROY 

polymorphism.249,256 Additionally, since the polymorphism in ROY is based on torsional 

angle between the planes of the two aromatic rings within the molecule (Figure 5.1), each 

polymorph contains distinctly different vibrations and can be identified 

spectroscopically.10,249 The signature peak in the Raman spectra of ROY arises from the 

nitrile stretch occurring between 2200-2250 cm-1.252,256 Each of these ROY polymorphs 

also has a distinct XRD pattern, which have been previously reported.  

 

Figure 5.5A, E. Optical microscopy images, B, F. DSC scans, C, G. Raman spectra, 

and D, H. XRD powder patterns for A-D. as-received ROY and E-H. ROY 

recrystallized from ethanol 

The as-received ROY material was characterized to determine its crystal structure 

before any recrystallization was performed (Figure 5.5A-D). These crystals were the 

orange plate (OP) form of ROY with a melting point onset of 111.1 °C. The as-received 

ROY contained a Raman shift peak at 2226.6 cm-1 further confirming the OP crystal form. 

The XRD powder pattern of as-received ROY was compared with the calculated powder 

patterns of each ROY form available and corresponded with the OP crystal structure as 










































































